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Sample preparation is a critical step in an analytical procedure, particularly in an 
application in which complex matrices are being dealt with. In recent years, the trend 
has been toward the development of microscale sample preparation procedures.  
Liquid-phase microextraction (LPME) is one of the emerging microscale sample 
preparation techniques, that is based on the use of a small amount of organic solvent 
to extract analytes from minimal amounts of aqueous matrices. Hollow fiber-protected 
LPME is an improved type of LPME, in which the extraction solvent is protected and 
stabilized in the hollow fiber.  
This thesis reports on the development and application of hollow fiber-protected 
LPME techniques to trace organic analysis. Chapter 1 provides an introduction to 
extraction, and particularly, from microscale approaches. In Chapter 2, the 
development of three-phase hollow fiber-protected microextraction or 
liquid-liquid-liquid microextraction (LLLME) including static LLLME (in which 
acceptor aqueous phase remains static during extraction) and dynamic LLLME 
(where acceptor aqueous phase repeatedly moves along the channel of hollow fiber 
and syringe barrel during extraction) combined with high-performance liquid 
chromatography-ultraviolet (HPLC-UV) is reported. The determination of trace 
organic compounds (nonsteroidal anti-inflammatory drug residues and phenoxy acid 
herbicides) in the environmental aqueous samples is the subject of this chapter. In 
static LLLME, orthogonal array designs (OADs) were applied for the first time to 
optimize microextraction conditions for the analysis of three nonsteroidal 
 viii
anti-inflammatory drug residues. In dynamic LLLME mode, the acceptor phase was 
repeatedly withdrawn into and discharged from the hollow fiber by the syringe pump. 
The repetitive movement of acceptor phase into and out of the hollow fiber channel 
facilitated the transfer of analytes into acceptor phase, from the organic phase held in 
the pore of the fiber. Phenoxy acid herbicides were used as model compounds. The 
method provided up-to 490-fold enrichment within 13 min.   
In Chapter 3, the development of hollow fiber-protected two–phase LPME 
combined with derivatization to determine trace polar organic compounds in aqueous 
samples by gas chromatography-mass spectrometry (GC-MS), is described. In the 
first part of the study, a novel approach, named as injection-port derivatization 
following ion-pair hollow fiber-protected LPME was developed for the trace 
determination of acidic herbicides in aqueous samples by GC-MS. Prior to GC 
injection-port derivatization, acidic herbicides were converted into their ion-pair 
complexes with tetrabutylammonium chloride (TBA-Cl) in aqueous samples and then 
extracted by organic solvent (1-octanol) impregnated in the hollow fiber. Upon 
injection, ion pairs of acidic herbicides were quantitatively derivatized to their butyl 
esters in the GC injection-port. This method proved to be environmentally-friendly 
since it completely avoided open derivatization with potentially hazardous reagents. 
In the second part of the work, for the first time, ion-pair dynamic LPME coupled to 
injection-port derivatization has been developed for the determination of long-chain 
fatty acids in water samples by GC-MS. In this procedure, the dynamic nature of the 
extraction was represented by the repeated movement of the acceptor phase (organic 
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solvent) in the hollow fiber that was controlled by a syringe pump.  
In Chapter 4, I discuss a novel microextraction method termed in-fiber ion-pair 
formation combined with hollow fiber-protected LPME. This approach involved an 
organic solvent (1-octanol) containing ion-pair reagent TBA-Cl being confined within 
a hollow fiber membrane (1.8-cm).  Target analytes were extracted into the organic 
solvent and formed ion-pairs with TBA-Cl. After a period of extraction, the 
ion-pairs-enriched organic solvent was directly introduced into the GC-MS for 
derivatization and analysis. Five acidic herbicides were used as model compounds to 
investigate the extraction and derivatization performance. 
The results demonstrated in this thesis show that all the hollow fiber-protected 
liquid-phase microextraction techniques can serve as excellent alternative methods to 











Chapter 1 Introduction 
1.1  Extraction techniques 
  The analysis of chemical compounds in the environmental science, pharmaceutical, 
biological, food, polymer and agrichemical fields [1] plays an important role in the 
development of science. In chemical analysis, several critical steps are included: field 
sampling, field sample handling, sample preparation, separation and quantification, 
statistical evaluation, decision and finally action [2, 3]. To obtain accurate results, 
each step of the analysis is of importance. In the attempt to improve the separation 
and quantification efficiency, unprecedented improvement has been made in 
measurement techniques such as chromatography, spectroscopy, sensors, etc over the 
last few decades. However, most samples are not ready for direct introduction into 
instruments. Sample preparation (sample extraction) is a primary step for organic 
analysis especially for trace analysis [4-10].  
There are several goals of sample extraction prior to instrument analysis [4]. Firstly, 
it is frequently necessary to separate the target organic compounds from a matrix such 
as biological tissue, soil or food. Otherwise, the required analytical performance 
cannot be obtained because of the interference of the matrices. Secondly, enrichment 
of the target analytes is of critical importance especially when trace analytes are to be 
determined. Sample extraction is employed to increase concentrations of analytes 
over the matrix background to decrease the detection limits. Finally, the compatibility 
between the sample and the instrumental analysis must be considered. For example, 
aqueous samples are not immediately analyzed with gas chromatographic analysis in 
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which a solvent exchange procedure is usually performed.  
A wide range of extraction techniques has been employed for organic analysis 
according to different matrices: gas, liquid and solid [1-2]. However, these extraction 
methods have some drawbacks such as large consumption of organic solvent, tedious 
operation, expensive set-up, etc. Therefore, a simple, cost-efficient and microscale 
sample preparation is greatly needed [4-6, 8-10].  
1.1.1 Introduction to extraction techniques 
  Well-established sample extraction methods for organic compounds can be 
classified into solid sample-based extraction methods and aqueous sample-based 
extraction methods. Solid sample-based extraction methods include Soxhlet extraction 
(SE), ultrasonic extraction (UE), supercritical fluid extraction (SFE), accelerated 
solvent extraction (ASE) and microwave-assisted extraction (MAE). For aqueous 
sample, extraction methods are classified into two types: sorbent-based extraction and 
solvent-based extraction. Among these extraction methods, liquid-liquid extraction 
(LLE), solid-phase extraction (SPE) and solid-phase microextraction (SPME) are the 
conventional sample extraction methods. SPE and SPME belong to sorbent-based 
extraction. LLE is one kind of solvent-based extraction.  
  LLE is a traditional technique for extracting organic compounds from aqueous 
samples [2, 9]. The principle is based on the partition of the dissolved analytes 
between the organic solvent and the aqueous sample according to their partition 
coefficients. The selectivity of LLE can be adjusted by changing the polarity of 
organic solvent, the salts content and pH of the aqueous sample. Although LLE has 
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been widely used, it is being replaced by other methods because of its drawbacks. 
Firstly, it is a tedious operation in which multi-step procedures are needed. Secondly, 
it consumes large volumes of organic solvent and produces the largest source of waste. 
In addition to this, the formation of emulsions in LLE procedure leads to the difficult 
separation of the aqueous and organic phases. 
  Compared to LLE, SPE is a more modern extraction technique [11-14]. This 
method is based on the sorption of analytes on the sorbent. In this procedure, organic 
compounds are initially trapped on the sorbent (disks, cartridges, or precolumns) 
while the aqueous sample is passed through the cartridge or disk. Then the target 
compounds are eluted with a suitable solvent. Therefore, separation and enrichment 
can be obtained. Compared to LLE, SPE consumes smaller amounts of organic 
solvent by about 10 times.  
SPME was introduced as a solvent-free sample extraction technique in 1990 by 
Arthur and Pawliszyn [15]. A fused silica fiber coated with a polymeric phase is 
usually utilized in SPME. There are three modes of operation: direction immersion 
extraction, headspace extraction and the less commonly-used membrane-protected 
SPME [16]. SPME has been extensively applied for the analysis of organic 
compounds in pharmaceutical [17], environmental [18-24], food samples [25-27], etc. 
Compared to most, if not all, other techniques before it, SPME completely eliminates 
the usage of organic solvents. Additionally, it is simple since it incorporates sampling, 
extraction, concentration and sample introduction into a single step. However, there 
are still limitations such as short fiber lifetime, high cost, fragility, and carry-over 
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effects. Furthermore, it lacks selectivity when extracting analytes in complex 
matrices.    
1.1.2 Liquid-phase microextraction (LPME)  
  In order to reduce the consumption of organic solvents, much work has been 
devoted to the development and application of miniaturized or microscale LLE during 
the last 20 years. In 1986, an initial effort to perform solvent-based microextraction 
was carried out by Audunsson who devised an analytical liquid membrane [28]. In 
this extraction system, sample flowed through a liquid membrane where the analyte of 
interest was released and trapped in a stagnant acceptor phase on the other side of the 
membrane. The resulting plug of analytes was then swept from the membrane 
separator to the detection system. Since then, different modes and configurations of 
solvent-based microextraction have been extensively developed [4-10, 29-33]. 
Solvent-based microextraction, also named as LPME, like SPME, is equilibrium 
extraction technique rather than exhaustive extraction technique in which only a small 
fraction of the analytes is extracted for analysis. In all, solvent-based microextraction 
is basically divided into two general methods: droplet-based LPME and 
membrane-based LPME. In the former method, a discrete suspended drop of 
immiscible solvent was used as extraction phase without a supporting membrane. In 
the latter method, extraction solvent is confined in a porous membrane.  
1.1.2.1 Droplet-based LPME 
   In recent years, droplet-based LPME in which only a very small amount of 
extracting solvent is involved has been developed into a simple, inexpensive, fast and 
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effective extraction technique. 
1.1.2.1.1 Theories of droplet-based LPME 
  For microextraction process, the driving force is the concentration differences of 
analyes between the aqueous sample and extracting phase. This is also true in 
droplet-based LPME. Mass transfer of analytes from the aqueous sample to the 
organic phase (microdrop), or through an organic phase and then to another aqueous 
phase (microdrop) continues until thermodynamic equilibrium is attained or the 
extraction is stopped. 
  In two-phase droplet-based LPME (organic solvent as the extracting phase), there is 
one mass balance for the analytes in both phases: 
                 CaqVaq + CoVo = Caq,initialVaq                         (1-1) 
where Caq and Co are the concentrations of analyte in the aqueous sample and 
microdrop organic solvent, respectively; Vaq and Vo are the aqueous sample volume 
and microdrop volume, respectively; Caq,initial is the initial concentration of analyte in 
the aqueous sample.   
  At equilibrium, the concentration of analyte in the microdrop is given by [34] 
                 Co,eq = κCaq,eq = κCaq,initial / (1 + κ Vo/Vaq)               (1-2) 
where Caq,eq and Co,eq are the equilibrium concentrations of analyte in the aqueous 
sample and in the microdrop, respectively, and κ is the distribution coefficient, 
defined as:  
                 κ = Co,eq / Caq,eq                                    (1-3) 
From equation (1-2), it is known that a sufficiently large distribution coefficient, κ and 
 6
relatively small phase ratio, Vo/Vaq are needed in order to get a sufficiently large Co,eq.  
  In order to get rapid analysis, it is necessary to know the relationship between the 
concentration of analytes in the microdrop organic solvent and the extraction time. 
The general rate equation is given by [34]:  
                 d Co/ d t = Ai βtot (κCaq - Co ) / Vo                     (1-4) 
where Ai is the interfacial area, βtot is the overall mass transfer coefficient of the 
analyte with respect to the organic phase. The above equation can also be given as: 
k = Ai βtot (κVo/Vaq + 1) / Vo                          (1-5) 
where k is the rate constant. Thus, it is clear that the extraction rate is proportional to 
both the interfacial area and overall mass transfer coefficient. Therefore, increasing 
interfacial area (Ai), overall mass transfer coefficient (βtot), distribution coefficient (κ) 
and decreasing microdrop volume (Vo) are needed for rapid analysis.  
  In three-phase droplet-based LPME, two reversible extractions are involved [35-36]. 
The analyte in the aqueous sample solution is first extracted into the organic 
membrane phase, and then back-extracted into a third separate microdrop aqueous 
acceptor phase. For analyte i, the extraction equation can be written as:  
                 ia1       io      ia2                              (1-6) 
where the subscript ‘a1’ represents the aqueous donor phase (sample solution), ‘o’ the 
organic membrane phase, and ‘a2’ the aqueous acceptor phase. At equilibrium, the 
mass-balance relation for i is given by [35]: 
                 Ca1,initial = κ2Ca2,eq/κ1 +κ2Ca2,eqVo/Va1 + Ca2,eqVa2/Va1       (1-7) 
where Ca1,initial and Ca2,eq are the initial concentration in the aqueous donor phase and 
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equilibrium concentration in the aqueous acceptor phase, respectively. Va1, Vo, and Va2 
are the phase volumes for the respective phases, κ1 and κ2 are the distribution 
coefficients, defined as: 
                 κ1 = Co,eq / Ca1,eq                                   (1-8) 
                 κ2 = Co,eq / Ca2,eq                                   (1-9) 
The enrichment factor (EF) is defined as the ratio Ca2 / Ca1,initial. At equilibrium, the 
maximum EF value can be calculated by the following:  
                 EFmax = κ1/ (κ2 + κ1κ2(Vo/Va1) + κ1(Va2/Va1))            (1-10) 
If is κ2 very small, so that nearly all of the analyte is in ‘a2’ (the aqueous acceptor 
phase) at equilibrium, then the EF at equilibrium will be 
                 EFmax ≈ Va1/Va2                                   (1-11) 
1.1.2.1.2 Developments and applications of droplet-based LPME 
  To date, there are several home-built set-ups for droplet-based two-phase LPME. 
  The first droplet-based LPME termed as drop-in-drop system was introduced by 
Liu and Dasgupa in 1996 [37]. Figure 1-1 demonstrates this extraction system in 
which an organic microdrop (1.3 µL) was suspended inside a flowing aqueous drop 
from which the analyte was extracted. The aqueous phase was continuously delivered 
to the outer drop and was aspirated away from the bottom meniscus of the drop. After 
the sampling/extraction period, a wash solution replaced the sample/reagent in the 
aqueous layer, resulting in a clear outer aqueous drop housing a colored organic drop 
containing the extracted material and an automatic backwash. The advantages of this 
microextraction system were simplicity, flexibility, and the possibility for automated 
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backwashing. It consumed only microliter of organic solvent, and was capable of 
being coupled with other analytical systems.  
                   
Figure 1-1 Schematic representation of drop-in-drop system. Modified from ref [37]  
 
                  
Figure 1-2 Schematic illustration of droplet-based LPME system on Teflon rod. 
Modified from ref [34] 
 
Later, a second type of droplet-based LPME was developed by Jeannot and 
Cantwell [34] in 1996. A small drop (8 µL) of a water-immiscible organic solvent 
containing an internal standard was located at the end of a Teflon rod immersed in a 
stirred aqueous sample solution, as illustrated in Figure 1-2. After sampling for a 
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period of time (10 min), the organic drop was injected into GC for analysis with the 
help of a microsyring after the Teflon rod was transferred from the sample solution. 
The equilibrium and kinetics of the procedure were discussed in detail.     
  The third type of droplet-based LPME was reported by Jeannot and Cantwell in 
1997 [38] in which 1 µL microdrop organic solvent was suspended on the tip of a 
microsyringe needle immersed in a stirred sample solution. The set-up of this type of 
drop-based LPME is shown in Figure 1-3. After a period of extraction time, the 
microdrop was withdrawn back into the microsyringe needle and directly injected into 
GC for analysis. Compared to the second type of droplet-based LPME, this revised 
mode was simpler and more convenient since only a microsyring needle was 
employed for sampling, extraction and injection. In this third type of droplet-based 
LPME, the film theory of convective-diffusive mass transfer was supported as 
opposed to the penetration theory. From then on, many developments and applications 
based on this type of droplet-based LPME have been carried out. At the same year, 
Jeannot and Cantwell [39] employed this microextration technique for the 
determination of free progesterone in a protein solution and conferred the extraction 
kinetics theory mentioned before. In 1997, He and Lee [40] developed this static 
mode into dynamic mode and compared the extraction efficiency such as enrichment 
factor, reproducibility between two modes. In both modes, chlorobenzenes were used 
as model and extracted by toluene. In dynamic droplet-based LPME, the microsyringe 
was used as a separatory device, which involved the repeated movement of the 
syringe plunger. It was reported that extraction in this dynamic droplet-based LPME 
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Figure 1-3 Schematic illustration of droplet-based LPME system on microsyringe. 
Modified from ref [38] 
 
occurred primarily in the thin organic film formed on the wall of the microsyringe 
barrel and needle. Because of the increased interfacial surface between sample 
solution and extraction organic solution in this dynamic mode, the extraction was 
faster than in the static mode, thus leading to a higher enrichment factor. In 1998, 
Wang and Lee [41] extended this dynamic mode to the analysis of 10 chlorobenzene. 
The factors influential to extraction performance including extraction solvent, plunger 
movement pattern, sampling volume, number of samplings, and salt concentrations 
were investigated in greater detail. In 2003, Shen and Lee [42] developed a novel 
method named dynamic headspace droplet-based LPME for the analysis of 5 
chlorobenzene in soil. In this microextraction, when the syringe plunger was pushed 
and pulled, the organic solvent film was formed in the microsyringe barrel and used 
as the extraction interface. This method was shown to be a fast and simple extraction 
method for volatile compounds. Liu and Jiang [43] introduced ionic liquid as an 
extraction solvent in droplet-based LPME in 2003. In this paper, an ionic liquid, 
1-octyl-3-methylimidazolium hexafluorophosphate was adopted in both 
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direct-immersion and headspace droplet-based LPME for the analysis of polycyclic 
aromatic hydrocarbons. Compared with organic solvent, 1-octanol, ionic liquid 
provided higher enrichment factor because of its nonvolatility and adequate viscosity 
which made longer extraction time possible. Droplet-based LPME on microsyringe 
needle tip have been applied in environmental [44-47] and drug [48-49] analysis.  
 
        
Figure 1-4 Assembly of continuous-flow microextraction system. (1)Connecting 
PEEK tubing, inserted into the extraction chamber; (2) Modified pipet tip; (3) 
“o”-ring; (4) Inlet of extraction chamber; (5) Extraction chamber; (6) microsyringe; (7) 
solvent drop. Modified from ref [50] 
 
  The fourth LPME mode named as continuous-flow microextraction was reported 
by Liu and Lee [50]. As shown in Figure 1-4, in a 0.5-mL glass chamber, an organic 
drop (1-5 µL) was held at the outlet tip of a polyetheretherketone (PEEK) connecting 
tubing immersed in a continuously flowing sample solution and acted as the fluid 
delivery duct and as a solvent holder. Extraction took place between the organic drop 
and the flowing sample solution continuously ejected out of the PEEK tubing. This 
approach appeared to be an effective combination of Lin and Dasgupa’s [37] and 
Jeannot and Cantwell’s [34] earlier works. Enrichment factors of between 260- to 
1600-fold were achieved within 10 min of extraction of trace nitroaromatic 
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compounds and chlorobenzene in environmental samples. 
In order to analyze ionic organic compounds, three-phase droplet-based LPME was 
introduced by Ma and Cantwell [35] in 1998. In this method, the organic liquid 
membrane phase (o) (see Figure 1-5), consisting of 40 or 80 µL of n-octane stabilized 
against mechanical disruption by a small Teflon ring, was layered over 0.5 or 1.0 mL 
of an aqueous sample phase (a1). A 0.1- or 0.2-mL aqueous acceptor phase (a2) was 
layered over the o phase. After extraction for a prescribed time, an aliquot of the a2 
phase was injected directly into an HPLC for analysis. The technique is efficient and 
suitable for ionizable compounds. Later, by decreasing the volume ratio between 
acceptor and donor phases, this technique has been successfully employed for the 
analysis of amines [36], phenols [51] and aromatic amines [52] in water samples with 
higher enrichment factors. 
 
                           
Figure 1-5 Schematic diagram of the three phase droplet-based LPME system. 
Modified from ref [35]  
 
Droplet-based LPME has proved to be a simple, effective sample preparation 
method. However, this method is not very robust. The droplet may be lost from the 
needle tip of the microsyringe during extraction, especially with the vigorous stirring 
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speed employed to achieve higher extraction rate. Additionally, the matrix may also 
affect the stability of the droplet when biological samples are analyzed.   
1.1.2.2 Membrane-based LPME 
  Membrane-based LPME is a more robust and reliable alternative LPME. In this 
microextraction mode, a piece of membrane (flat membrane or hollow fiber) is used 
for protecting the extraction phase. Membrane-based LPME can be divided into 
two-phase membrane-based LPME, three-phase membrane-based LPME and 
carrier-mediated membrane-based LPME.  
1.1.2.2.1 Theories of membrane-based LPME 
  Like two-phase droplet-based LPME, analytes are extracted by passive diffusion 
from the aqueous donor phase directly into the organic acceptor phase in two-phase 
membrane-based LPME [53]. The extraction process depends on the distribution 
coefficient. For a given analyte containing no ionized groups, the main parameter 
determining distribution coefficient is the organic solvent (acceptor phase). For 
analyte containing acidic or basic groups, pH adjustment in the donor phase is of 
importance for ensuring that analyte are present in their deionized (or neutral) state to 
increase the distribution coefficient in favour of the organic phase. The related mass 
balance and extraction kinetic characters in this membrane-based LPME are similar to 
those in the two-phase droplet-based LPME. The main difference is the increased 
contact surface between the donor and acceptor phases because of the membrane 
employed in membrane-based LPME. Therefore, extraction speed is enhanced. In 
addition to this, in off-line hollow fiber-protected LPME, higher agitation speed can 
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be applied, thus promoting the extraction speed. 
  Like three-phase droplet-based LPME, three-phase membrane-based LPME is 
employed when analytes are acids or bases [54]. For extraction of acidic compounds, 
pH value in the donor phase should be lower than the pKa values of analytes by at 
least 2-3 units to ensure the neutrality of the analytes while the pH value in the 
acceptor phase should be high to improve the solubility of analytes in it. At the same 
time, the organic solvent selected within the pores of the membrane should be based 
on the following criteria: (1) it should be immiscible with water; (2) it should be 
effectively immobilized in the pores of the membrane; (3) it should provide an 
appropriate solubility of analytes; (4) It should have low volatility to avoid analytes 
loss during extraction.. In this way, the acidic compounds are extracted from the 
donor phase into the organic phase and further into the acceptor phase without 
back-extraction to the organic phase again. The acceptor phase can be directly 
transferred to an HPLC or CE system for direct analysis after extraction. 
Carrier-mediated membrane-based LPME [55-56] is employed when very polar 
compounds cannot be extracted by either two-phase membrane-based LPME or 
three-phase membrane-based LPME because these types of analytes have low 
affinities for the organic solvent within the pores of the membrane. In this mode, the 
carrier, a relatively hydrophobic ion-pair reagent was added to the donor solution. 
There are two set-ups for this mode. One is based on a supporting liquid membrane 
with a flowing donor phase and a stagnant acceptor phase [56]. The other is based on 
the hollow fiber with a stirred donor phase and a stagnant acceptor phase within the 
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lumen (channel) of the hollow fiber. Taking the latter mode as an example, as shown 
in Figure 1-6 [55], carboxylic acid was used as the carrier with acceptable water 
solubility, thus forming ion-pair complexes with the target compounds. These 
complexes were extracted into the organic phase held within the pores of the hollow 
fiber. Further extraction into an aqueous acceptor phase inside the lumen of the 
hollow fiber was facilitated by counter transport of protons from the acceptor solution 
to the sample solution. Protons from the acceptor solution released the analytes at the 
liquid membrane–acceptor interface and neutralized the carrier. In this extraction 
process, the pH in the sample solution (donor phase) was adjusted to ensure the 
ionized state of the analytes whereas pH in the acceptor was low to satisfy two 
requirements: (1) the carrier was not trapped in this acceptor phase; (2) there were 
sufficient protons as counter ions. 
             
Figure 1-6 Working model for carrier-mediated extraction. Modified from ref [55] 
 
1.1.2.2.2 Developments and applications of membrane-based LPME 
  For membrane-based LPME, there are a few considerations in term of the 
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experimental set-up. In these extraction units, the membrane is usually polypropylene 
and polyethylene which are highly compatible with a broad range of organic solvents. 
  The first membrane-based LPME was introduced by Audunsson [28] in 1986. In 
this extraction system, target compounds in the flowing donor phase were extracted 
through the organic thin film in the porous membrane and back-extracted into the 
stagnant acceptor phase on the other side of the membrane. Later, Jönsson et al. 
developed other modules [57-58] for this flow system. All of the modules are 
illustrated in Figure 1-7. As shown in Figure 1-7 a, and b, flat (porous polyethylene or 
polypropylene) membranes [6,57] was used and clamped between the blocks (made of 
inert materials such as polytetrafluoroethylene (PTFE), polyvinylidene fluoride 
(PVDF), or titanium). Therefore, a flow-through channel on both sides of the 
membrane was formed. The liquid membrane was prepared by soaking the support in 
the selected liquid for 15-20 min. As depicted in Figure 1-7 c, a hollow fiber 
membrane [58] was employed. The acceptor phase was introduced into the lumen and 
the donor channel was the annular volume between the outside of the fiber and the 
inside of the surrounding tube or cylindrical hole. Compared to the relatively large 
channel volumes in the range of 10-1000 µL [29] in the flat membrane unit, the 
hollow fiber membrane unit could be made with channel volumes as small as 1 µL 
[58-60]. Additionally, the high ratio (between membrane surface area and its volume) 
of 1000-10,000 in the hollow fiber membrane unit led to larger enrichment factors 
compared to the ratio of 10-100 in the flat membrane unit [61]. Membrane extractions 
in these flow systems have been connected with analytical instruments for automatic 
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analysis. With organic solvent as the acceptor phase, GC [60, 62-63] or normal phase 
(NP)-HPLC [64] was interfaced to membrane-based LPME for the analysis of 
environmental pollutants or drugs in biological or environmental samples. If an 
aqueous solution is used as the acceptor phase, reverse phase (RP)-HPLC [65-71] or 
CE [72-73] can be used to analyze the extract. Membrane-based LPME with flow 
systems have been applied to bioanalysis, and environmental and food analysis [69, 
74]. It has proved to be a convenient sample preparation method because of its 
automation and on-line connection to analytical instruments. In this way, it is also 
frequently possible to obtain better accuracy and precision compared to manual 
operations, due to more reproducible operations and closed systems [4]. However, 
there are still some limits such as the long-term stability problem of membranes and 
memory effects, which result from the incomplete transfer of analyte from the 
membrane to the acceptor phase. The memory effect not only causes a reduction in  
 
         
Figure 1-7 Different membrane modules for membrane extraction in flow systems. a. 
Flat membrane module with 1 mL channel volume (A = blocks of inert material, B = 
membrane). Modified from ref [6] b. Flat membrane module with 10 µL channel 
volume. Modified from ref [57] c. Hollow fiber module with 1.3 µL acceptor channel 
(lumen) volume (1 = O-rings, 2 = polypropylene hollow fiber, 3 = fused silica 
capillaries, 4 = male nuts). Modified from ref [58] 
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Figure 1-8 Schematic diagram of U-shape membrane-based LPME. Modified from 
ref [54]  
 
the recovery but also leads to carry-over problem in sequential extractions in 
automated systems [30]. 
Off-line membrane-based LPME was first reported by Pedersen-Bjergaard and 
Rasmussen in 1999 for the analysis of drugs in the human urine and plasma samples 
[54]. The configuration of a piece of hollow fiber used for the purpose was U-shaped, 
as shown in Figure 1-8. One piece of 8-cm commercial porous polypropylene hollow 
fiber with an ID of 600 µm, a wall thickness of 200 µm, and pore size of 0.2 µm was 
placed in a 4-ml sample vial with screw cap. A medical steel needle was connected to 
each end of the fiber. One steel needle served to introduce 25 µL acceptor solution to 
the lumen of the hollow fiber prior to extraction while the second steel needle was 
employed for collecting the acceptor solution after extraction. Prior to extraction, 
organic solvent (1-octanol or dihexyl ether) was used to “soak” the wall of the hollow 
fiber. During the extraction, the sample vial containing the hollow fiber was 
extensively shaken or vibrated to speed up the process. The acceptor collected was 
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analyzed for the chromatography or CE. This set-up has been extensively applied for 
the analysis of drugs by the same group [75-83]. In addition, reduction in equilibrium 
times in this membrane-based LPME was investigated by increasing the surface of the 
hollow fiber [77]. Furthermore, recovery, enrichment and selectivity in 
membrane-based LPME were systematically compared with conventional LLE [81]. 
Another type of U-shape membrane-based LPME was reported by Müller et al in 
2003 as semi-automatic system [84]. As shown in Figure 1-9, one end of the hollow 
fiber was attached to a funnel-shaped stainless steel injection guide in which a small 
dent was placed that held the other, unsealed end of the fiber. Therefore, during 
injection the extraction solvent could move within the fiber and would not be partially 
pushed out by the intruding syringe needle. Additionally, there were no problems with 
air bubbles when filling the autosampler syringe compared with a straight fiber. After 
extraction, the sample vial was placed into a GC autosampler and 1-µL acceptor 
organic phase was automatically taken from the hollow fiber and injected into the 
GC–MS system. 
         
Figure 1-9 Schematic set-up of semi-automated U-shape membrane-based LPME. 
Modified from ref [84] 
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  Recently, another type of membrane-based LPME, involving a rod-like 
configuration for the hollow fiber was introduced by Kramer and Andrews [85] to 
solve problems related to transferring acceptor solution in the U-shape 
membrane-based LPME. As demonstrated in Figure 1-10, a microsyringe was 
introduced down to the bottom of the fiber for delivery and removal of the acceptor 
solution, and this concept was much more compatible with modern autosampleer 
systems. To ensure the microsyringe needle is effectively guided into the fiber, a 
conical guide was placed at the top of the fiber by Pedersen-Bjergaard and Rasmussen 
[86].An improved set-up based on rod-like membrane-based LPME was further 
reported by Zhu and Lee [87]. In this technical set-up, a microsyringe needle was 
directly attached to the hollow fiber, as shown in Figure 1-11. 2-µL acceptor solution 
was drawn into a 10-µL microsyringe before the microsyringe was inserted into the 
2.0-cm length of hollow fiber. Then, the acceptor solution was introduced into the 
fiber. To fill the pores of the fiber, the fiber was then immersed in the organic solvent 
for 10 s. After this, the fiber, which was still attached to the microsyringe needle, was 
placed in the sample for extraction. After extraction, the acceptor solution was 
withdrawn into the syringe again. Then after the fiber was discarded, the acceptor 
solution was injected directly into a chromatography system. This new extraction 
system is very convenient to operate since only a syringe needle is involved for 
sample introduction and injection. Later, dynamic membraned-based LPME [88-92] 
was developed to enhance the extraction speed and efficiency. Zhao and Lee [88] 
were the first to introduce dynamic two-phase membrane-based LPME. In this report, 
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Figure 1-11 Schematic design of improved rod-like membrane-based LPME. 
Modified from ref [88] 
 
a comparison between dynamic two-phase membrane-based LPME and static 
two-phase membrane-based LPME was also made. In dynamic mode, small volumes 
of the aqueous sample were repeatedly withdrawn in and expelled out of the hollow 
fiber by using the syringe plunger with the help of a syringe pump. Because of the 
thin film formed and the increase of the interfacial area between the sample solution 
and the acceptor organic solvent, the extraction speed was significantly enhanced. 
Dynamic three-phase membrane-based LPME has also been developed. Hou and Lee 
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[89] reported one type of dynamic three-phase membrane-based LPME in which the 
microsyringe was first filled with a 5-µL aqueous acceptor solution and subsequently 
with 2-µL organic solvent. More recently, Jiang and Lee [90] reported another mode 
of dynamic three-phased membrane-based LPME in which organic solvent was 
impregnated in the pores of hollow fiber, and the aqueous acceptor solution in the 
lumen of the hollow fiber was repeatedly moved in and out of the hollow fiber and the 
syringe. Compared to the dynamic three-phase mode, the latter mode provides a 
higher enrichment factor within a period of time because of the enhanced contact 
surface areas between sample solution and organic solvent.  
                       
Figure 1-12 Schematic set-up solvent bar microextraction. Modified from ref [91] 
   
  As the novel membrane-based LPME procedure, solvent bar microextraction was 
introduced by Jiang and Lee [91] in 2004. As illustrated in Figure 1-12, the organic 
extractant solvent was confined within a short length of a hollow fiber (heat-sealed at 
both ends) that was placed in a stirred aqueous sample solution. Tumbling of the 
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extraction device within the sample solution upon stirring facilitated extraction. After 
extraction, the solvent bar was taken out, and one end of the hollow fiber was 
trimmed off. A 1-µL aliquot of analyte-enriched extract was subsequently withdrawn 
into the microsyringe and injected into the GC system for analysis. It was a simple, 
sensitive method for sample extraction.  
1.2  Derivatization techniques 
In the analysis of organic compounds, derivatizations are usually needed for 
improving analysis efficiency of HPLC and, particularly GC [92-94]. Although GC is 
the method of choice for the separation of many compounds without derivatization, 
there are several reasons make direct GC either difficult or impossible in the follow 
[92]: 
(1) For very volatile organic compounds, significant losses during the preliminary 
treatment of the sample may introduce errors into quantitative analysis; 
(2) Many thermally-unstable compounds decompose in the injection port of the GC 
and exhibit several peaks in the chromatogram due to the formation of decomposition 
products.   
(3) Many compounds of high polarity and low volatility tend to undergo adsorption 
on the GC column support or decomposition on it, thus leading to peak tailing which 
makes quantification difficult or impossible. 
(4) Closely related compounds such as isomers cannot be separated effectively 
because of their similar structures and physical properties. 
Therefore, derivatization can convert compounds that are too volatile into less volatile 
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derivatives, thermally-unstable compounds into more thermally-stable compounds. 
Additionally, highly polar compounds can also be transformed into non-polar or less 
polar derivatives. By converting the specific functional groups in the isomers, the 
separation can be done efficiently. Furthermore, selective and sensitive detection 
responses may be obtained by tagging on functional groups in the organic compounds 
to be detected. Even specific derivatives can be utilized for identification with the 
help of mass spectrometry (MS).  
  The most frequently-used derivatives include esters, ethers, acyl derivatives, silyl 
derivatives, oximes, hydrazones, and cyclic derivatives for GC analysis [92]. 
  Different extraction methods combined with derivatization have been extensively 
used prior to GC analysis.  By ion-pair SFE and derivatization at the injection-port 
of GC, sulfonated aliphatic and aromatic surfactants in sewage sludge were 
quantitatively determined by Field [95]. Ion-pair ASE and derivatization at the 
injection-port was applied for the analysis of linear alkylbenzensulfonates in 
sediments by Ding and Fann [96]. After SPE, ion-pairs were derivatized at the 
injection-port of GC for the determination of surfactants [97-98]. Acidic drugs in 
swage water were silylated after SPE and determined by GC-MS [99].  
  For SPME combined with derivatization, there are several possible approaches [3, 
100-102], as illustrated in Figure 1-13. The first is direct derivatization in the sample 
matrix. In this technique, the derivatizaing agent is first added to the vial containing 
the sample. The derivatives are then extracted by SPME and introduced into the GC 
system. This method has been employed for the analysis of phenols from water [103], 
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and drugs from urine [104-105]. The second technique is on fiber derivatization 
simultaneously with extraction. In this method, SPME fiber is doped with 
derivatization reagent and subsequently exposed to the sample. The analytes are 
extracted and simultaneously converted to analogues having high affinity for the 
coating. This simple technique is limited to derivatization reagents of low volatility 
and applied to the analysis of low-molecular mass carboxylic acids [106] and 
formaldehyde [107] from gaseous samples. The third technique is on-fiber 
derivatization after extraction. This method can combine the advantages of using a 
polar coating for the extraction of polar underivatized compounds, and the selectivity 
of derivatization reagents. This approach has been employed for the determination of 
amphetamines [108], steroids [109] and acidic drugs [110]. The last derivatization 
method involves derivatization in the GC injection-port. Compounds extracted in the 
SPME fiber are desorbed and derivatized simultaneously in the GC injection-port. It 
has been reported for the analysis of drugs in biological samples [111]. 
            
Figure 1-13 Classification of derivatization/SPME techniques. [104] 
 26
LPME combined with derivatization [112-119] is a more recent development in the 
microextraction field prior to GC-MS analysis. Andrews’ group reported hollow fiber- 
protected LPME with in-tube derivatization of acidic drugs from urine [112], and 
showed that it was a rapid and inexpensive screening method. However, relatively 
high LODs (1.0 ng/mL) were obtained. Several groups [113-117] developed another 
mode of LPME combined with derivatization, in which target analytes were 
derivatized in the sample solution followed by LPME. In the work by Shioji et al 
[113], organotins in aqueous sample were extracted by static LPME after 
derivatization. Later, Pardasani et al [115] and Kawaguchi et al [116] applied this 
method to the analysis alkylphosphonic acids and bisphenol A in water samples, 
respectively. In the Deng et al’s work, acetone in human blood sample was derivatized 
followed by dynamic headspace LPME. Chia et al [117] developed a similar method. 
In this work, primary amines was derivatized with reagent in aqueous solution and 
extracted by dynamic hollow fiber-protected LPME. These groups proved that 
derivatization before LPME was a fast and effective method. However, it was 
observed that side-reactions occurred in the aqueous solution. More recently, Basheer 
and Lee [118] described a novel method, injection-port derivatization after LPME, to 
solve the problem of side-reactions. In this procedure, phenols were extracted by 
LPME, and derivatized in the injection-port. The results demonstrated that it was a 
promising method, in which relatively lower LODs (low ng/L level) were obtained. 
Based on this work, Zhang and Lee [119] developed a new method, LPME combined 
with on-column derivatization. In this method, carbamate pesticides were extracted by 
 27
hollow fiber-protected LPME, then derivatized with reagent in the GC column. This 
method has been successfully applied in the analysis of carbamate pesticides in water 
samples.  
1.3 Orthogonal array design 
In the analysis of organic compounds, it is normally necessary for the optimization 
of analytical procedures to obtain optimum analytical responses. Traditionally, 
one-dimensional search (also named as one-factor-at-a-time method) is employed 
[120]. However, this method is prone to obtaining a false optimum since the optimum 
value obtained for such experiments is true only if the other conditions are kept 
identical that might be impossible to achieve [121]. On the other hand, a 
full-dimensional search performed with a full factorial design can solve this problem 
in which all factors are changed simultaneously, therefore the experimental domain 
can be scanned efficiently and the real optimum reached. 
  The concept of “full factorial design” was first introduced in 1920s by Fisher as an 
agricultural research tool [122]. In 1947, Smallwood introduced this method in the 
field of chemistry [123]. From then on, full factorial design was widely applied in the 
optimization of analytical procedures. However, there is one main disadvantage in full 
factorial design in that the number of experimental trials required increases 
geometrically with the increase of factors. In order to overcome the shortcomings 
mentioned above, orthogonal array design (OAD) was introduced 1947 by Rao [124] 
and Bose [125]. However, this method was not widely applied until Genichi Taguchi 
helped developing these tools in the engineering area for quality control [126-127]. 
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OADs are used to assign factors to a series of experimental combinations whose 
results then can be analyzed by a common mathematical procedure to independently 
extract the main effects of these factors and preselected interactions among these 
factors that can not be determined by one-factor-at-a-time method. Emphasis is placed 
on identifying controlling factors and quantifying the magnitude of the effects rather 
than just identifying statistically significant effects.  
  OADs have been developed and applied in the analytical procedures for 
optimization in recent years [128-142]. Lan and Wong [131] developed two-level 
OAD and applied this method in the microwave dissolution of biological samples. 
However, for a two-level OAD, if a factor is continuous, then the experimental results 
are highly dependent on the high and low levels chosen. There is a very real 
possibility that the high and low levels of the factor might be set either too close 
together, in which case an optimum might be missed entirely and it is possible that no 
significant effect would be found. The same group introduced four-level design [132] 
and five-level design [136] to address the above limitations of two-level OAD. Both 
OAD methods have been successfully employed for the optimization of analytical 
procedures, in which all the factors have the same number of level settings. However, 
in a practical instance, not all of the variables are expected to be considered at the 
same number of levels. Based on the above considerations, the same group developed 
mixed-level design [138], in which the HPLC determination of polycyclic aromatic 
hydrocarbons (PAH) was optimized. These developed OADs have successfully been 
employed for the optimization of instrumental analytical conditions such as those for 
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GC/MS [129], HPLC [133] and CE [139, 143-144]. In addition to this, OADs have 
also been applied in extraction procedures such as SPE, SPME, MAE and SFE. 
Besides Wang and Wong [134], Chee and Wong [145] employed two-level OADs for 
the optimization of SPE conditions for the determination of pesticides. Bagheri’s 
group [140] introduced mixed-level OADs into the SPE process. OADs have also 
been applied in the SPME process in which Huang and Hsieh [141] determined glycol 
ethers in biological samples with GC-FID (flame ionization detection).  In this 
optimization, two-level OADs were employed followed by a four-level OAD for 
optimizing more exact SPME conditions. Additionally, OADs were used for the 
optimization of MAE and SFE procedures to determine organic compounds, by Sun 
and Lee [146], the approach proved to be reliable, fast and cost-effective. 
1.4 Scope of the project 
Although LPME proved to be a simple, fast and cost-effective sample preparation 
technique, more work is needed to decrease LODs in trace organic analysis.  
No work has been done on OAD for the optimization of LPME procedure. The 
one-dimensional search generally employed in LPME is prone to obtaining a false 
optimum since a particular optimal level value obtained for such experiments is true 
only if the other conditions are kept identical, which is very difficult, if not be 
impossible to achieve [147]. Furthermore, as shown in the above, few studies 
[112-119] have been done on derivatization technique combined with LPME for the 
GC analysis of ionic organic compounds to reduce LODs. Among these limited 
studies, there is no report about ion-pair LPME coupled to injection-port 
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derivatization. Additionally, there is no report on in-fiber ion-pair extraction combined 
with LPME. 
  The three-fold objective of this research was to develop novel modes of hollow 
fiber-protected LPME, and to employ OADs for the optimization of the LPME 
procedure.  
  In the first part of the work, OADs, instead of one-dimensional search method was 
applied to optimize the three-phase hollow fiber-protected LPME process for the 
determination of acidic drug residues in drain water. In the first stage, mixed-level 
OAD, an OA16 (41 × 212) matrix was employed to study the effect of six factors that 
were estimated using individual contributions as response functions. Based on the 
results of the first stage, the other five factors were selected for further optimization 
using an OA16 (45) matrix and a 4 × 4 table to locate more exact levels for each 
variable. In addition, automatic dynamic three-phase LPME was employed for the 
analysis of trace phenoxy acid herbicides in environmental waters. 
  In the second part of this work, several types of derivatization techniques combined 
with two-phase hollow fiber-protected LPME were developed and applied for the 
determination of environmental compounds in water samples. Firstly, a new approach 
involves derivatization coupled to two-phase hollow fiber-protected LPME, termed 
ion-pair LPME combined with injection-port derivatization, was developed. Static 
ion-pair LPME combined with injection-port derivatization was developed and 
applied to acidic herbicide analysis. Additionally, dynamic ion-pair two-phase hollow 
fiber-protected LPME combined with injection-port derivatization was developed and 
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applied in the determination of long-chain fatty acids in environmental water samples. 
The parameters related to derivatization and extraction procedures were investigated 
in detail. 
  In the third part of this work, a novel hollow fiber-protected LPME method named 
in-fiber ion-pair formation combined with LPME was developed. In this approach, the 
organic solvent (1-octanol) containing ion-pair reagent TBA-Cl only was confined 
within a hollow fiber membrane (1.8-cm).  Target analytes were extracted into the 
organic solvent and formed ion-pairs with TBA-Cl. After a period of extraction, the 
ion-pairs-enriched organic solvent was directly introduced a GC-MS for 
derivatization and analysis. 
  The newly-developed sample preparation techniques may provide simple, and 
selective extraction procedures for trace organic analysis. OADs employed in the 
LPME may contribute to a better understanding of the roles of related parameters, and 
may help to obtain real optimum extraction conditions, which are necessary to 
increase extraction efficiencies. 
This study focuses primarily on off-line LPME instead of on-line LPME because 
there are many limitations of on-line LPME such as memory effect, and the expense 
of setting such a system.   
In the next chapter, three-phase hollow fiber-protected LPME combined with 
HPLC analysis is presented. The first part of the chapter focuses on OADs which 
were applied in static three-phase hollow fiber-protected LPME process for the 
determination of nonsterodial anti-inflammatory drugs (NSAIDs) in water samples. In 
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the second part of the chapter, automatic dynamic three-phase hollow fiber-protected 
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Chapter 2 Three-phase hollow fiber-protected 
liquid-phase microextraction techniques combined 
with HPLC-UV analysis 
 
As mentioned in Chapter 1, three-phase hollow fiber-protected LPME is employed 
when the analytes to be extracted are acids or bases. Since the acceptor phase (the 
final extract) is usually acidic or basic aqueous solution, it can be directly analyzed by 
HPLC or CE after extraction.  
In this chapter, three-phase hollow fiber-protected LPME combined with 
HPLC-UV have been used for the analysis of trace ionic organic compounds in 
environmental waters. In the first part of the study, OADs were employed to obtain 
optimum extraction conditions, which increased the extraction efficiency of NSAIDs 
from water. In the second part, automatic dynamic three-phase hollow fiber–protected 
LPME was employed for the analysis of phenoxy acid herbicides in environmental 
waters. 
 
2.1 Orthogonal array designs for the optimization of static 
three-phase hollow fiber-protected liquid-phase microextraction 
of nonsteroidal anti-inflammatory drugs  
2.1.1 Introduction 
Drug residues have become significant contaminants in the aquatic environment in 
recent years. NSAIDs are amongst the group of pharmaceutical compounds most 
often used in human health care. The excretion of drugs and their metabolites together 
with improper waste disposal has led to their presence in wastewater [1-5]. 
Furthermore, a number of studies have shown that NSAIDs, are not even eliminated 
in sewage treatment plants because of their high stability. Thus, they can ultimately 
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reach surface and ground waters [5-7].  
For the isolation and preconcentration of NSAIDs from the aqueous waters, many 
methods have been developed such as SPE [2, 5, 7] and SPME [1, 4, 6] and more 
recently three-phase hollow fiber-protected LPME [3].  
In this work, OADs were employed for the first time to optimize static three-phase 
hollow fiber-protected LPME conditions for the extraction of NSAIDs. The theory 
and methodology of OAD as a chemometric method for the optimization of analytical 
procedures have been described in the Introduction (Chapter1). OAD has proved to be 
a cost-effective optimization strategy that can be used to assign experimental factors 
in a series of experimental trials. Analysis of variance (ANOVA) is employed for 
estimating the main significant factors and two-way interaction factors after the OAD 
procedure has been conducted [8-18]. In the present work, mixed-level OAD 
procedure with OA16 (41 × 212) matrix was applied to study the effect of six factors 
influencing LPME efficiency: type of organic solvents, concentrations of donor phase 
and acceptor phase, stirring speed, extraction time and ionic strength of the sample 
solution, by which the effect of each factor was estimated using individual 
contributions as response functions in the first optimization step. Based on the results 
of this first stage, 1-octanol was chosen as extraction organic solvent. Then, the other 
five factors were selected for further optimization by using an OA16 (45) matrix to 
locate more exact levels for each variable. In addition, the interactions of 
concentrations of the donor phase and the acceptor phase were also evaluated. The 
optimized conditions were then applied to the analysis of NSAIDs in wastewater 
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samples. 
2.1.2 Experimental section 
2.1.2.1 Standards and reagents 
The Accurel Q3/2 polypropylene hollow fiber membrane (600-µm I.D., 200-µm 
wall thickness, 0.2-µm pore size) was bought from Membrana GmbH (Wuppertal, 
Germany). Naproxen (NAP) and Ketoprofen (KEP) were bought from Sigma (St. 
Louis, MO, USA) and 2-(4-chlorophenoxy)-2-methylpropionic acid (CMPA) was 
purchased from Aldrich (Milwaukee, WI, USA). Sodium hydroxide (NaOH) and 
1-octanol were from Merck (Darmstadt, Germany). Ammonium acetate was supplied 
by Ajax (Sydney, Australia). Hydrochloride acid (HCl) and ethyl acetate were 
obtained from J.T. Baker (Philipsburg, NJ, USA). Toluene, hexane and HPLC-grade 
methanol were supplied by Fisher (Loughborough, UK). Acetic acid was purchased 
from Fluka (Buchs, Switzerland). Sodium chloride was obtained from GCE (Chula 
Vista, CA, USA). Ultrapure water was produced on a Nanopure water-purification 
system (Barnstead, Dubuque, IA, USA). Individual stock solutions of pure drug 
standards were dissolved separately in methanol at 1 mg/mL and stored at 4 °C. 
Working solutions containing the three drugs at different concentrations were 
prepared by spiking them into ultrapure water every day during the optimization 
procedure. The concentrations of analytes were 50 ng/mL for the optimization study. 
The water samples were collected from a domestic home drain, hospital drain 
(gloves should always be worn to avoid the biological hazard while handling water 
samples, and water samples should be autoclaved after analysis) and a local river. 
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Samples were stored at 4 °C after collection. They were filtered through a 0.45-µm 
membrane filter (Millipore, Billerica, MA, USA) prior to extraction.  
2.1.2.2 Instrumentation 
Analysis was carried out on a Waters (Milford, MA, USA) HPLC system equipped 
with a UV detector, with detection at a wavelength of 240 nm. The chromatographic 
system consisted of a Rheodyne (Cotati, CA, USA) 77251 injector equipped with a 
20-µL sample loop, a Waters 1525EF binary pump, and a Waters 2487 UV-visible 
spectrophotometric detector. Data was collected and processed by Empower version 
5.0 (Waters) data analysis software. 
A column (250 mm × 2 mm I.D.) from Phenomenex (Torrance, CA, USA) packed 
with BuckySep-RP was used. Methanol-100 mM ammonium acetate (70:30, v/v; pH 5) 
was used as mobile phase. The flow rate was set at 0.1 ml/min. The column 
temperature was maintained at 22°C. 
2.1.2.3 Static three-phase hollow fiber-protected LPME procedure 
Extractions were carried out according to the following procedure: (1) A 10-mL 
sample solution was added to the sample vial with a 15 × 6 mm magnetic stirring bar; 
(2) The sample vial was placed on a MR3001K hotplate stirrer (Heidolph, Kelheim, 
Germany); (3) 5-µL of acceptor phase was withdrawn into a 10-µL microsyringe with 
a flat needle tip (SGE, Sydney, Australia); (4) The syringe needle was then inserted 
into the clean and dry hollow fiber (2.4-cm length) that was heat-sealed at the other 
end, and the acceptor solution (NaOH) was introduced into it; (5) The fiber was 
immersed in organic solvent for 5s for impregnation; (6) The fiber together with the 
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syringe needle was placed in the donor phase; (7) A piece of aluminum foil (Diamond, 
Richmond, Virginia, USA) was used to cover the sample vial in order to prevent or 
reduce evaporation of the organic solvent; (8) After extraction, the hollow fiber and 
syringe needle was removed from the sample solution, and the extract was withdrawn 
into the syringe. The hollow fiber was discarded; (9) The extract (5-µL) was injected 
directly into the HPLC. A fresh hollow fiber was used for each extraction. 
2.1.2.4 Optimization strategy 
In the first optimization stage, six variables were selected for optimization of 
LPME. These were: (1) different types of extracting solvent (factor A); (2) 
concentration of donor phase HCl (factor B); (3) concentration of acceptor phase 
NaOH (factor C); (4) agitation speed during extraction (factor D); (5) duration of 
extraction (factor E); (6) ionic strength of the sample solution (factor F). The level 
setting values of the main variables (A, B, C, D, E and F) used in the mixed-level 
OAD are shown in Table 2-1. The OA16 (41 × 212) matrix was employed to assign the 
variables considered because one four-level and five two-level variables had to be 
considered. According to a previous report [19], the two-variable interactions between 
HCl concentraction (factor B) and NaOH concentration (factor C) should be taken 
into account. The assignment of the main-variable and two-variable interactions and 
their levels has been previously described in detail [11]. The average enrichment 
factor (defined as the ratio of the equilibrium concentration of each analyte in the 
acceptor phase and the initial concentration in the donor phase) was calculated from 
the sum of enrichment factors of three NSAIDs and used as a response function. The 
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results of the OAD experiment were then processed under direct observation analysis 
[20-22]. Based on the results shown in Table 2-2, the extraction organic solvent was 
identified and the other factors were determined to be deserving of further attention. 
In the next stage, the optimum levels of three experimental factors were determined 
according to a four-level OA16 (45) matrix. These were: stirring speed (factor C), 
extraction time (factor D) and ionic strength of solution (salt concentration) (factor E). 
The concentrations of donor phase NaOH (factor A) and acceptor phase HCl (factor B) 
were not identified because of their interactions in the initial experiment. More exact 
levels were selected around the superiority levels obtained from the initial 
examination. Table 2-3 illustrates the assignments of the experimental factors (A, B, C, 
D, and E) and levels (1, 2, 3, and 4) for the 16 experimental trials. At this step, 
interactions among variables were not incorporated in the matrix and focus was 
placed on the main effects of the five factors. The ANOVA technique was employed 
where both the purified sum of squares, SS´, and percentage contribution, PC (%), 
valued for each factor could be calculated. 
On the basis of the results above, the optimum values of factors except for 
concentrations of HCl and NaOH were located, as demonstrated in Tables 2-4 and 
Table 2-5. In the following step, the interactions between the concentrations of HCl 
and NaOH were investigated. The experimental design and results are displayed in a 4 
× 4 table (Table 2-6). 
2.1.3 Results and discussion 
2.1.3.1 Initial experiments using mixed-level OA16 (41 × 212) matrix 
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Table  2-1  Assignment of factors and level settings of the experiment runs in the OA16 (41 × 212) matrix 
                                                    Column no. 
Level    1       2       3       4       5       6       7       8       9      10      11      12      13 
        A       B    (A × B)1  (A × B)2  (A × B)3   C    (A × C)1   (A × C)2  (A × C)3  B × C    D      E       F 
1    1-octanol   0.5                              0.5                                      21      5       0 
2    toluene     0.01                             0.01                                    104     40      200 
3    hexane 
4    ethyl acetate  
 
A = Different types of extracting solvent; B = HCl concentration (M) (donor phase); C = NaOH concentration (M) (acceptor phase); D = 
stirring speed (rad/s); E = extraction time (min); F = salt concentration (g/L) (ionic strength); B × C = interactions between HCl concentration 
and NaOH concentration. 
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The corresponding enrichment factors used as responses for each experimental trial 
were calculated and are tabulated in Table 2-2 after accomplishing 16 experimental 
trials predesigned according to the OA16 (41 × 212) matrix. The average of responses 
(r1, r2, r3 and r4) for each factor at different levels were also calculated and are given in 
Table 2-2. Direct observation analysis was statistically employed to estimate the 
importance of a given factor and their interactions. The mean value difference (d) 
between two levels of each factor except for extraction organic solvent was used for 
evaluating the importance of the factors. For a factor with four levels (extraction 
organic solvent), the mean value difference is the range between the maximum and 
the minimum values. The mean value difference (d) is related to the factors involved 
as well as the level settings [15]. From Table 2-2, it is obvious that the most 
significant factor was the type of organic solvent. The next most significant factors 
were the extraction time and salt concentration. The concentration of the donor phase 
(HCl) and the concentration of the acceptor phase (NaOH) also have important 
influence on LPME efficiency. Agitation speed has no significant influence on 
extraction compared with the other factors. It seems plausible that there are 
interactions between the concentrations of the donor phase and the acceptor phase. 
The interaction experiments were designed and the results are discussed below. 
Superiority (level at which the best experiment result is obtained) and inferiority 
(level at which the worst experiment result is obtained) levels of the six factors were 
evaluated by comparing the mean effect of these factors at different levels. Table 2-2 
gives the mean effect of these factors and possible two-variable interaction at different 
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levels. It is clear that 1-octanol as extraction organic solvent will give the best 
extraction result. It is indicated that a low concentration of HCl (0.01M), a high 
concentration NaOH (0.5M), and high stirring speed (104 rad/s) will increase 
extraction efficiency. In addition to this, a longer extraction time (40 min) and the 
addition of salt (sodium chloride: 200 g/L) (ionic strength) will also improve the 
extraction.  
The type of organic solvent immobilized in the pores of the hollow fiber in LPME 
is very important in order to reach satisfactory analyte enrichment factors [3, 19, 23]. 
In general, the organic solvent selected should be compatible with the fiber so as to be 
able to fill the pores on the wall of the fiber effectively, and to represent a suitable 
medium for extraction. The nonmiscibility with water should also be considered. 
Additionally, the higher solubility of analytes in the acceptor phase than in the organic 
solvent is critical as well as the higher solubility of analytes in the organic solvent 
than in the donor phase [3, 23]. Otherwise, the analytes cannot be extracted into the 
acceptor phase from the donor phase. Based on this consideration, 1-octanol, toluene, 
hexane and ethyl acetate were studied for their effect on extraction. It is clear that 
both hexane and ethyl acetate provided poor extraction (Table 2-2). Almost no 
analytes were extracted when ethyl acetate was employed. Toluene showed better 
extraction results compared with hexane and ethyl acetate. As can be seen, 1-octanol 
demonstrated the highest enrichment factors among the four organic solvents (r1= 765 
is biggest among r1-r4 in column 1). The possible reason is its greater affinity for the 
acidic NSAIDs resulting from its relatively higher polarity and hydrogen-bonding 
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ability. Thus, 1-octanol was chosen as the extraction organic solvent.  
Table 2-2 OA16 (41 × 212) matrix with experimental results 
Column  no.                       Response 
1  2  3  4  5  6  7  8  9  10  11  12  13  CMPA  KEP  NAP Sum 
 
1  1  1  1  1  1  1  1  1  1   1   1   1   1   58     28    33   119 
2  1  1  1  1  1  2  2  2  2   2   2   2   2  146    174   163   483 
3  1  2  2  2  2  1  1  1  1   2   2   2   2  978    686   707  2371 
4  1  2  2  2  2  2  2  2  2   1   1   1   1   20     36    30    86 
 
5  2  1  1  2  2  1  1  2  2   1   1   2   2  299    125   184   608 
6  2  1  1  2  2  2  2  1  1   2   2   1   1    4     30    53    87 
7  2  2  2  1  1  1  1  2  2   2   2   1   1    6     10    26    42 
8  2  2  2  1  1  2  2  1  1   1   1   2   2  490    463   558  1511 
 
9  3  1  2  1  2  1  2  1  2   1   2   1   2    7     0.3   0.3   7.6 
10  3  1  2  1  2  2  1  2  1   2   1   2   1    3     0.6   1.2   4.8 
11  3  2  1  2  1  1  2  1  2   2   1   2   1    7      1   0.1   8.1 
12  3  2  1  2  1  2  1  2  1   1   2   1   2    3     0.2   0.1   3.3 
 
13  4  1  2  2  1  1  2  2  1   1   2   2   1    0      0     0    0 
14  4  1  2  2  1  2  1  1  2   2   1   1   2    0      0     0    0  
15  4  2  1  1  2  1  2  2  1   2   1   1   2    0      0     0    0 
16  4  2  1  1  2  2  1  1  2   1   2   2   1    0      0     0    0 
 
r1
a765 164         394          292  292  43  43 
r2 562 503         272          374  374  623 623 
r3  6 
r4  0 
 
d 765 339         122           82   82  580 580  
a
 r: the average of responses 
The concentrations of the donor phase and the acceptor phase are of great 
importance in LPME. The pH value of the donor phase (HCl) should be lower than 
the pKa’s of the acidic analytes so that analytes are completely deionized and 
therefore exist as neutral molecules. In experiments with 0.01 M HCl, the pH was 
lower than the pKa’s of CMPA (3.10), KEP (4.45), and NAP (4.15) and relatively 
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good extraction efficiency was achieved. However, when a lower pH was employed 
(HCl at 0.5M), relatively poor extraction was observed. The reason for this is unclear 
at this juncture. It is possible that ionized species were formed as the target acidic 
drugs accepted an extra proton at low pH, thus reducing the distribution ratios 
(referring to the ratios of the concentration of all species of each analyte in organic 
solvent and those in the donor phase), although the highly acidic donor phase would 
increase the extraction efficiency of 1-octanol. For analytes, this ionizing effect of a 
highly acidic donor phase may exceed that of higher extraction capability of 1-octanol, 
therefore possibly decreasing the extraction efficiency. Relatively high enrichment 
factors were reached with a high concentration of NaOH (0.5 M) compared with a 
low concentration (0.01 M). Based on the above discussion, 0.01 M HCl and 0.5 M 
NaOH were selected as reference for the discrete level assignments in the further 
optimization procedure. 
Agitation speed plays an important pole in LPME. To improve the extraction 
efficiency, agitation permits the continuous exposure of extraction solvent to fresh 
aqueous sample [24]. As seen from Table 2-2, higher enrichment factors were 
obtained when high stirring speed (104 rad/s) was used compared to a lower speed (21 
rad/s).  
Extraction time is another important factor for consideration. In general, the 
amount of analytes extracted increased significantly with increasing exposure time. It 
was also true in this work. As shown in Table 2-2, the average sum of enrichment 
factors for three target drugs was 623 with an extraction time of 40 min and 43 with 
 53
an extraction time of 5 min. Subsequent experiments were carried out with several 
extraction times around 40 min to investigate their effects on extraction efficiency. 
As reported before [24], salt added to the donor phase in LPME improved 
extraction efficiency in most cases. It was also true in the present work. The average 
sum of enrichment factors for three analytes was 643 when sodium chloride 
concentration (ionic strength) was 200 g/L (Table 2-2). When no salt was added, an 
enrichment factor of only 43 was obtained. On the basis of the observations above, 
sodium chloride concentration close to 200 g/L were selected for level settings in the 
subsequent optimization approach. 
2.1.3.2 Experiments using OA16 (45) 
A more rigorous optimization was then applied by using an OA16 (45) matrix. The 
results of the experiments designed using this matrix are shown in Tables 2-4 and 2-5. 
In these experiments, 1-octanol was used as extraction solvent. The effects of five 
important factors (concentration of HCl, concentration of NaOH, stirring speed, salt 
concentration added and the duration of extraction) on response functions were 
studied in more detail using a four-level design. Assignment of five factors and their 
level values in the OA16 (45) matrix are depicted in Table 2-3.  
ANOVA was used to assess the OAD results. The results of the sums of squares (SS) 
for different variables were calculated and are shown in Table 2-5 according to the 
methods given [8-11, 20]. Sixteen experimental trials were repeated three times. The 
error estimation of the experiments was calculated and used in ANOVA since no 




Table 2-4 Assignment of factors and levels of the optimization experiments using an 
OA16 (45) matrix along with the enrichment factors 
 
Trial          Factor                 Enrichment Factors 
No.  A     B    C     D     E     1        2        3        Sum 
1   1     1     1     1     1      1095    1208     977      3280 
2   1     2     2     2     2      2238    2349     1781     6368 
3   1     3     3     3     3      2568    2033     2122     6723 
4   1     4     4     4     4      2012    1723     2075     5810 
 
5   2     1     2     3     4      2985    3110     2710     8805 
6   2     2     1     4     3      3720    3119     3738     10577 
7   2     3     4     1     2      1996    1519     1702     5217 
8   2     4     3     2     1      2416    2121     2455     6992 
 
9   3     1     3     4     2      4637    4855     4885     14377 
10   3     2     4     3     1      3883    4605     4243     12731 
11   3     3     1     2     4      3485    3478     2797     9760 
12   3     4     2     1     3      1737    2148     1858     5743 
 
13   4     1     4     2     3      1961    1866     1913     5740 
14   4     2     3     1     4      1844    1962     1903     5709    
15   4     3     2     4     1      3804    3188     3783     10775  
16   4     4     1     3     2      2470    2395     2479     7344 
 
r1  5545  8051   7740  4987  8445  
r2  7898  8846   7923  7215  8327  
r3 10653  8119   8450  8901  7196 
r4  7392  6472   7375  10385  7521  
Table 2-3 Assignment of factors and their level values in the OA16 (45) matrix 
Levels                         Factors  
       A         B             C                  D            E   
(CNaOH: M)  (CHCl: M)  (stirring speed: rad/s )  (extraction time: min) (salt: g/L ) 
1    1.0        0.005          130                  30          150 
2    0.5        0.01           104                  40          200 
3    0.1        0.05            73                  50          250 




                     
Table 2-5 An ANOVA table for experimental responses in the OA16 (45) matrix 
Source                    SS        df      MS          F*           SS′            PC (%) 
NaOH concentration (A)   1.785 × 107  3    5.95 × 106     88.94***     1.765 × 107           37.13 
HCl concentration (B)     0.401 × 107  3    1.37 × 106     20.48***     0.381 × 107            8.01 
Stirring speed (C)      0.08 × 107       3    0.27 × 106      4.04     0.0599 × 107       1.26 
Extraction time (D)       2.152 × 107  3    7.17 × 106   107.17***     2.132 × 107           44.85 
Salt concentration (E)     0.122 × 107  3    0.41 × 106      6.13     0.102 × 107            2.15 
Error                 0.214 × 107       32    6.69 × 104                      0.314 × 107            6.60 
Total                4.754 × 107       47                             4.754 × 107         100.00 
 
SS = sum of squares; df = degrees of freedom; MS = mean squares; SS′ = purified sum of squares; PC = percentage contribution. 
*Critical value is 6.96 (***P<0.001) and 2.27 (P<0.1). 
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matrix. The SS of error is obtained by subtracting all the SS of the items from the total 
SS [20]. 
From the ANOVA results in Table 2-5, it can be seen that factor A (NaOH 
concentration), factor B (HCl concentration) and factor D (extraction time) are 
statistically significant at P<0.001 while both factors C (stirring speed) and E (salt 
concentration or ionic strength) are significant at P<0.1. Furthermore, from the 
percentage contribution (Table 2-5), it can be deduced that, the most important factor 
contributing to the extraction efficiency is factor D (extraction time, 44.85%), 
followed by factor A (NaOH concentration, 37.13%) and lastly, factor B (HCl 
concentration, 8.01%). 
Since the two-variable interaction between NaOH concentration and HCl 
concentration was in all likelihood significant in the direct observation analysis for the 
initial experiments, the choice of the optimum conditions for these two factors could 
be determined based on the results in the interaction experiments designed. It is 
shown that the other three factors (stirring speed, salt concentration added and the 
duration of extraction) had a different influence on the extraction efficiency. The 
extraction efficiency improved continuously when the extraction time was increased 
from 30 min to 60 min. This is in good agreement with previous work [19, 24]. 
Extraction efficiency also improved considerably when the stirring speed increased 
from 52 rad/s to 73 rad/s, but continuously decreased with further increase in the 
stirring speed from 73 rad/s to 130 rad/s. This latter observation may be explained in 
the following way. With extraction at 104 rad/s or faster stirring speed, excessive air 
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bubbles were generated which in turn could interfere with extraction. With sodium 
chloride concentration increased from 150 g/L to 250 g/L, the extraction efficiency 
decreased continuously. It subsequently increased with the salt concentration up to 
300 g/L. Based on the discussion above, the optimized condition for factor C (stirring 
speed) was 73 rad/s since factor C was independent on the other factors. The optimum 
extraction time and sodium chloride concentration were 60 min and 150 g/L, 
respectively. 
2.1.3.3 Experiment for interactions between HCl and NaOH 
Based on the direct observation analysis in the initial experiments, the choice of the 
optimum concentrations of HCl and NaOH must depend on their interactions. The 
other extraction conditions optimized were: 1-octanol used as extraction organic 
solvent, 60 min as extraction time, 150 g/L of added sodium chloride at a stirring 
speed of 73 rad/s. The experimental design and experiment results are presented in 
Table 2-6. The levels of two factors in this interaction investigation are the same as 
those in the OA16 (45) matrix. It is obvious that the combination of A3 (0.1 M NaOH) 
and B2 (0.01 M HCl) would provide the maximum enrichment factors for all three 
analytes. The possible reason is that the pH value of the donor phase HCl (0.01 M) is 
more than 1 unit lower than the pKa’s of all of analytes (CMPA, 3.10; KEP, 4.45; NAP, 
4.15), which decrease the partition coefficients of the acidic analytes in the donor 
phase. However, greater acidity of the donor phase (HCl concentration ≥ 0.05 M) 
reduces the distribution ratios of analytes between in the organic solvent, 1-octanol 
and in the donor phase because of the formation of ionized species (see above). For 
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the acceptor phase, a high concentration of NaOH at 0.5 M is too basic for the 
BuckySep-RP column. Thus, 0.1 M NaOH and 0.01 M HCl were selected as the 
acceptor phase and the donor phase, respectively.     
        
Table 2-6 The effect of concentrations of the donor phase and the acceptor phase on 
static three-phase hollow fiber-protected LPME enrichment factors  
 
Concentration Compound  Concentration of HCl 
of NaOH               B1 (0.005M)   B2 (0.01M)   B3 (0.05M)   B4 (0.10M) 
A1 (1.00M)   CMPA  1143        1152         1381        1090 
             KEP   1026        1007         1183        1036 
             NAP   1008         970         1084         916 
A2 (0.50M)   CMPA  1258        1244         1428        1219 
             KEP   1240        1192         1428        1115 
             NAP   1221        1159         1423        1108 
A3 (0.10M)   CMPA  1576        1649         1501        1545 
             KEP   1681        1857         1643        1607 
             NAP   1748        1904         1724        1604 
A4 (0.05M)   CMPA  1583        1520         1162        1189 
             KEP   1792        1738         1248         814 
             NAP   1891        1763         1226         602 
 
2.1.3.4 The optimized static three-phase hollow fiber protected LPME conditions 
Under optimized conditions, the performance of this method was investigated and 
the results are shown in Table 2-7. The maximum enrichment factor can reach as high 
as 1904. Good linearity of response was observed in the range of 0.2 to 500 ng/mL, 
and the coefficients of determination for calibration curves, r2, were higher than 
0.9959. The limits of detection (LODs) calculated at a signal-to-noise (S/N) ratio of 3 
(HPLC UV detection), ranged between 0.03 and 0.3 ng/mL. The relative standard 
deviations (RSDs) were 6.2% (CMPA), 6.3% (KEP) and 7.1% (NAP) respectively 
based on the peak areas for six replicates. The recoveries for ultrapure water sample 
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spiked at 5 ng/mL of each analyte, were 84.9% (CMPA), 79.7% (KEP) and 89.7% 
(NAP). Recoveries were 78.8% (CMPA), 82.1% (KEP) and 80.2% (NAP) when 
analytes were spiked at 10 ng/mL in ultrapure water. 
2.1.3.5 Application to real wastewater samples 
Domestic wastewater, drain water from a hospital and river water were extracted 
using the optimized static three-phase hollow fiber-protected LPME technique 
developed and the extracts were analyzed by HPLC-UV. In the domestic wasterwater 
sample, KEP was detected at a concentration of 0.452 ng/mL (Figure 2-1A) and its 
presence was confirmed by spiking the three drugs into the sample and reanalyzing it 
(Figure 2-1B and Figure 2-1C). 0.290 ng/mL KEP was also found in the river sample 
(Figure 2-2A). Figure 2-2B and Figure 2-2C show the chromatograms of the spiked 
river water sample after LPME. In the hospital drain water, CMPA was detected and 
determined to be at a level of 1.13 ng/mL (Figure 2-3A). Figure 2-3B and Figure 2-3C 
depict the chromatograms of this sample spiked with the three drugs and then 
reanalyzed. Several unidentified peaks were present in all of water samples, but these 
did not interfere with the analysis. 
To assess matrix effects, all the water samples were spiked with the drug standards 
at various concentrations. As employed in the literature [25-26], the relative 
recoveries (defined as the ratio of HPLC peak areas of the respective spiked water 
sample extracts to spiked ultrapure water extracts) were calculated to evaluate matrix 
effects. Results of relative recoveries and RSDs of three water samples fortified at 1.0 




                     
Table 2-7 Performance of static three-phase hollow fiber-protected LPME 
Compound     Enrichment       RSD%a    Linear range     Coefficient of          LOD          Recovery (%) 
              factor           (n=6)       (ng/mL)       determination(r2)       (ng/mL)    5 ng/mLb   10 ng/mLb 
CMPA   1649             6.2        1.0-500         0.9990     0.3   84.9       78.8 
KEP   1857             6.3        0.2-500         0.9986     0.07  79.7       82.1 
NAP   1904             7.1        0.2-500         0.9959     0.03  89.7       80.2 
 
Static three-phase hollow fiber-protected LPME conditions: 0.01 M HCl as donor phase; 0.1 M NaOH as acceptor phase; extraction time: 60 
min; extraction stirring speed: 73 rad/s; salt concentration: 150 g/L. 
a Determined at 50 ng/ml spiking levels. 
b The final concentration of each analyte after spiking in ultrapure water. 
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Table 2-8 Summary of results of analysis of NSAIDs in spiked water samples 
 Compound   Domestic wastewater                 River water                            Hospital drain water 
 
            1 ng/mL           5 ng/mL          1 ng/mL           5 ng/mL             1 ng/mL          5 ng/mL 
 
Recoverya RSD%  Recoverya RSD%   Recoverya RSD%   Recoverya RSD%      Recoverya RSD%  Recoverya RSD% 
             (%)     (n=3)    (%)     (n=3)     (%)    (n=3)     (%)     (n=3)       (%)      (n=3)    (%)     (n=3) 
CMPA      97.1      5.1     85.1     6.1       99.2     6.3      97.1     0.1         NCb     9.3      NCb    6.9 
KEP       NCb       2.5     NCb    5.5       NCb      4.8      NCb     2.1         94.1     11.4     94.8    5.8 
NAP       95.3       1.2     86.3    4.9       99.5      6.4      92.4     2.3        104.0     7.2      89.9    6.4  
 
a
 n=3.  
b Not considered since they were detected in water samples. 
 62
   
   
   
 
Figure 2-1 HPLC-UV chromatograms of domestic wastewater extracted by the 
optimized static three-phase hollow fiber-protected LPME. (A) Blank domestic 
wastewater sample, (B) domestic wastewater sample spiked with 1 ng/mL of each 
analyte, (C) domestic wastewater sample spiked with 5 ng/mL of each analyte. Peaks: 
1 = CMPA, 2 = KEP, 3 = NAP. HPLC conditions as in the text. 
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Figure 2-2 HPLC-UV chromatograms of river water extracted by the optimized static 
three-phase hollow fiber-protected LPME. (A) Blank river water sample, (B) river 
water sample spiked with 1 ng/mL of each analyte, (C) river water sample spiked with 
5 ng/mL of each analyte. Peaks: 1 = CMPA, 2 = KEP, 3 = NAP. HPLC conditions as 
in the text. 
 





     
    
     
 
Figure 2-3 HPLC-UV chromatograms of hospital drain water extracted by the 
optimized static three-phase hollow fiber-protected LPME. (A) Blank hospital drain 
water sample, (B) hospital drain water sample spiked with 1 ng/mL of each analyte, 
(C) hospital drain water sample spiked with 5 ng/mL of each analyte. Peaks: 1 = 









the relative recoveries were in the range between 85% and 105% for all NSAIDs. 
These results show that the matrix had little effect on static three-phase hollow 
fiber-protected LPME.  
 
2.2 Automated dynamic three-phase hollow fiber-protected 
liquid-phase microextraction for the determination of phenoxy 
acid herbicides in environmental waters 
2.2.1 Introduction 
Phenoxy acid herbicides are a major class of herbicides employed in agricultural 
and forestry applications to control the growth of different unwanted plants in many 
countries. Due to their large-scale application, the existence of phenoxy acid 
herbicides in soils or environmental waters has attracted attention [27-35]. Although 
they generally have low mammalian toxicity, impurities and high dosages may cause 
teratogenic effects in rodents [34]. Furthermore, several recent studies have 
demonstrated the occurrence of phenoxy acid herbicide metabolites in surface water 
and groundwater [36-38]. Therefore, the presence of phenoxy acid herbicides in 
environmental samples should be monitored, especially in the aquatic environment, 
due to their persistent and polar characteristics. 
  For the determination of phenoxy acid herbicides, HPLC is a good alternative 
technique [19,34,35], in which separation is achieved without the need of a 
derivatization step and relatively low detection limits can be obtained. 
  Dynamic LPME, as previously reported by He and Lee [39,40], is a technique in 
which a commonly used microsyringe is used as a microseparatory apparatus for 
extraction. The “dynamic” appellation refers to the repeated withdrawal into and 
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discharge from the syringe barrel of the sample solution, which facilitates more rapid 
mass transfer. Dynamic LPME was shown to provide a larger enrichment factor 
within a shorter time than the static mode. Yet another LPME approach, dynamic 
headspace (HS) LPME was developed and successfully applied for the extraction of 
chlorobenzenes in soil [41]. Although the dynamic mode of the procedures mentioned 
above was shown to be fast and highly efficient, the manual manipulation of the 
syringe plunger made operation tedious. Additionally, the repeatability of the 
procedure was relatively poor. Based on the considerations above, a programmable 
syringe pump was introduced for automating the extraction to overcome these 
problems [25]. In automated hollow fiber-protected dynamic LPME, a piece of 
membrane hollow fiber serves as sample holder [42,43]. The programmable syringe 
pump was employed for withdrawing and discharging the aqueous sample in and out 
the hollow fiber. This approach provided higher enrichment factor and better 
reproducibility. D-LLLME was later introduced for the extraction of aromatic amines 
[44], in which a hollow fiber unit as usual served as the “protector’’ of the organic 
solvent while the microsyringe barrel held the acceptor phase. With the repeated 
movement of the syringe plunger afforded by a programmable syringe pump, the 
renewable organic film and aqueous sample plug were formed inside the hollow fiber. 
D-LLLME provided significantly better extraction efficiency as well as 
reproducibility compared to conventional static three-phase hollow fiber-protected 
LPME. 
  In this work, automated D-LLLME was applied for the analysis of phenoxy acid 
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herbicides, in combination with HPLC. The movement of the acceptor phase in the 
hollow fiber was controlled automatically by a programmable syringe pump. Factors 
such as the extraction organic solvent, concentrations of the donor phase and the 
acceptor phase, plunger movement pattern, stirring speed, and salt added were 
investigated. Finally, environmental water samples were extracted and analyzed to 
demonstrate the feasibility of the procedure.  
2.2.2 Experimental section 
2.2.2.1 Standards and reagents 
All chemicals and reagents used and their suppliers were as described previously 
(pages 44) except for n-nonane, which was supplied by Fisher (Loughborough, UK) 
and n-octane, which was bought from Acros (New Jersey, NJ, USA). 
2,4-Dichlorobenzoic acid (2,4-DCBA) and 2,4-dichlorophenoxyacetic acid 
(2,4-DCPA) were provided by Fluka. 2-(2,4-Dichlorophenoxy)-propionic acid 
(2-(2,4-DCPPA)) was bought from TCI (Tokyo, Japan). 3,5-Dichlorobenzoic acid 
(3,5-DCBA) and 2-(2,4,5-trichlorophenoxy)-propionic acid (fenoprop) were 
purchased from Aldrich (Milwaukee, WI, USA). Stock solutions (1 mg/mL of each 
analyte) were prepared separately in methanol and stored at 4 °C. A fresh standard 
sample was prepared by spiking ultrapure water with the five analytes at known 
concentrations (50 ng/mL of each analyte) every week during the optimization 
exercise.  
Environmental water samples were collected from a pond situated in a botanic 
garden and drain near a children’s playground. Samples were stored at 4 °C after 
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collection. They were filtered through a 0.45-µm hydrophilic polytetrafluoroethylene 
membrane filter (Millipore, Billerica, MA, USA) prior to extraction.  
2.2.2.2 Instrumentation 
The HPLC-UV systems used were as those described earlier (page 45).  
The column, wavelength and the flow rate selected were the same as reported 
earlier (page 45). The mobile phase was methanol-100 mM ammonium acetate (63:37, 
v/v; pH 5).  
2.2.2.3 Apparatus 
A Harvard Apparatus (Holliston, MA, USA) PHD 2000 syringe pump was used for 
extraction together with a 10-µL microsyringe with a flat needle tip. The hollow fiber 
was ultrasonically cleaned in acetone for 30 min before it was heat-sealed at one end. 
The approximate internal volume of each hollow fiber segment (2.8-cm length) was 
about 6 µL which was suitable for the amount of extraction solvent used in this work. 
2.2.2.4 Automated D-LLLME procedure 
The syringe pump was programmed based on: (1) refill speed; (2) sampling volume 
(the volume of the acceptor phase withdrawn into the microsyringe); (3) dwell time 
(length of time the acceptor phase remains in the microsyringe); (4) infusion speed; (5) 
sampling volume (the volume of the acceptor phase infused into the hollow fiber); (6) 
dwell time (length of time the acceptor phase remains in the hollow fiber); (7) restart. 
Briefly, D-LLLME consists of the following steps: (1) A 10-mL sample solution was 
placed in a sample vial with a 15 × 6 mm magnetic stirring bar; (2) The sample vial 
was placed on the magnetic stirrer/hotplate; (3) A 6-µL portion of acceptor phase was 
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withdrawn into the microsyringe; (4) The syringe needle was then inserted into open 
end of the hollow fiber, and the acceptor solution was introduced into it; (5) The fiber 
was immersed in organic solvent for 5s for impregnation of its wall pores; (6) The 
fiber together with the syringe needle was placed in the donor phase and microsyringe 
was fixed on the syringe pump; (7) A piece of aluminum foil (Diamond, Richmond, 
VA, USA) was used to cover the sample vial in order to prevent or reduce evaporation 
of the organic solvent; (8) The magnetic stirrer and the syringe pump were then 
simultaneously switched on, and the pump program was activated; (9) After extraction, 
the syringe needle/hollow fiber was removed from the sample solution, and the 
extract withdrawn into the syringe. The hollow fiber was discarded. The 5 µL 
analyte-enriched extract was injected directly into the HPLC. A fresh hollow fiber was 
used for each extraction. Triplicate analysis was performed in the optimization 
experiments. 
2.2.3 Results and discussion 
2.2.3.1 Optimization of D-LLLME 
2.2.3.1.1 Selection of organic solvent 
As described earlier, the type of solvent immobilized within the pores of the hollow 
fiber is very important in order to obtain satisfactory enrichment factor (the ratio 
between the equilibrium analyte concentration in the acceptor phase and the initial 
concentration in the sample solution). Six types of organic solvent were investigated. 
These were: 1-octanol (dielectric constant: 10.30), toluene (dielectric constant: 2.38), 
ethyl acetate (dielectric constant: 6.08), n-octane (dielectric constant: 1.948), hexane 
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(dielectric constant: 1.89) and n-nonane (dielectric constant: 1.97) [45]. In these 
experiments, about 9-min extractions from solutions containing 50 ng/mL phenoxy 
acid herbicides dissolved in 0.01 M HCl were performed at a stirring speed of 73 rad/s. 
The acceptor phase was 6.0 µL 0.1 M NaOH. The pump pattern was: a plunger speed 
of 0.5 µL/s, and a dwell (pause) time of 4 s. The cycle was repeated 20 times. Ethyl 
acetate, n-octane and n-nonane demonstrated poor extraction of the target anlytes. 
Hexane was capable of extracting 2,4-DCPA only. Toluene was able to extract all 
compounds except for 2,4-DCBA. Only 1-octanol could extract all target analytes and 
the enrichment factors (about 130-fold) were higher than for the other five organic 
solvents. It is likely that the relatively higher polarity of 1-octanol (dielectric constant: 
10.30) is the main reason for this observation. Based on the results above, 1-octanol 
was selected as organic solvent in subsequent experiments.  
2.2.3.1.2 Concentrations of the donor and acceptor phases 
As mentioned previously, the pH of the donor phase and the acceptor phase play 
important roles in D-LLLME. Experiments were conducted to optimize the 
concentrations of both the donor phase HCl and the acceptor phase NaOH. All 
experiments were carried out with stirring speed at 73 rad/s and with 1-octanol as the 
solvent. No salt was added to the donor solution. The syringe pump conditions were 
as before (number of cycles: 20; dwell time: 4 s; plunger speed: 0.5 µL/s). The 
concentrations of HCl and NaOH were varied from 0.01 M to 1.00 M, respectively. 
The results are exhibited in Table 2-9. As can be seen, it is obvious that the 
concentrations of HCl and NaOH had different influence on the extraction efficiency.  
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Table 2-9 Effect of concentrations of the donor phase and the acceptor phase on 
automated D-LLLME enrichment factorsa  
 
Concentration  Compound     Concentration of HCl 
of NaOH                    0.01M     0.10M      0.50M      1.00M 
 
0.01M      2,4-DCBA      240(2.7%)b 409(5.2%)  86(2.5%)  76(4.9%) 
2,4-DCPA      190(3.3%)  353(4.9%) 107(3.7%)  89(3.4%)  
            2-(2,4-DCPPA)  260(4.0%) 457(7.2%)  99(4.7%) 140(7.5%) 
            3,5-DCBA      359(3.5%)  477(3.6%) 147(5.7%) 251(6.2%) 
            fenoprop       297(5.1%)  438(3.4%)  88(4.3%)  81(6.1%) 
 
0.10M      2,4-DCBA      174(5.7%) 151(6.5%) 204(4.9%) 115(7.2%) 
            2,4-DCPA      157(3.3%)  138(2.6%)  325(6.4%)   91(6.2%) 
            2-(2,4-DCPPA)  192(4.3%) 163(5.7%)  207(7.4%)   85(5.8%) 
            3,5-DCBA      198(6.9%) 166(4.9%)  227(8.2%)  118(2.6%) 
            fenoprop    161(4.3%) 135(5.7%)  190(3.8%) 109(4.5%) 
 
0.50M      2,4-DCBA    298(5.3%) 231(6.2%) 417(5.2%)  175(4.8%) 
            2,4-DCPA      201(6.7%)  189(5.3%) 204(7.3%)  114(6.8%) 
            2-(2,4-DCPPA)  212(4.8%) 188(4.5%)  230(5.7%)  159(5.2%) 
            3,5-DCBA      203(6.3%) 190(7.8%)  233(6.9%)  122(6.4%) 
            fenoprop    137(5.9%) 143(6.8%)  185(8.3%)  112(7.4%)  
 
1.00M      2,4-DCBA    127(7.5%) 198(6.3%) 114(8.4%) 246(7.4%) 
            2,4-DCPA    122(6.2%) 145(5.4%)  65(3.2%) 151(4.3%) 
            2-(2,4-DCPPA)   86(5.3%) 151(5.7%)   84(6.4%) 151(7.2%) 
            3,5-DCBA      132(8.2%) 144(4.2%)   92(5.9%) 178(6.2%) 
            fenoprop        91(4.3%)  109(5.9%)   69(6.2%)  82(7.2%) 
 
a The experiments were performed in triplicate. 
b
 RSD. 
When NaOH concentration was increased from 0.01 M to 1.00 M, the enrichment 
factors of 2,4-DCBA and 2,4-DCPA increased. However, the enrichment factors of 
3,5–DCBA and fenoprop exhibited the opposite trend. For 2,4-DCBA (pKa 2.68) and 
2,4-DCPA (pKa 2.64), a relatively more basic solution was needed for extracting them 
from the organic phase. For 3,5–DCBA (pKa 3.54) and fenoprop (pKa 4.41), a slightly 
less basic solution was preferred. The optimum enrichment factors of target analytes 
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were obtained at 0.10 M HCl in general. On the basis of the above observations, a 
combination of 0.1 M HCl and 0.01 M NaOH under which optimum enrichment 
factors of the five herbicides were achieved was chosen as the donor and the acceptor 
phases, respectively.  
2.2.3.1.3 Optimization of the pattern of the syringe pump plunger movement 
In this automated D-LLLME process, the extraction was performed by 
automatically manipulating the plunger repeatedly in and out of the microsyringe 
barrel. Each cycle of the extraction includes the withdrawal and discharge of acceptor 
phase with two pauses (dwell time) in between. The analytes were then extracted 
rapidly from the aqueous samples to the organic solvent and back-extracted into a 
second aqueous solution (acceptor phase). The syringe pump plunger pattern, 
including number of cycles, dwell time and plunger speed which are important 
parameters for the automated D-LLLME efficiency, were studied.  
  The first parameter for optimization was the number of cycles. The experiments 
were conducted by varying this number from 5 to 60 with dwell time at 4 s and 
plunger speed at 0.50 µL/s. The other experimental conditions were: 1-octanol as 
organic solvent, 0.1 M HCl as donor phase, 0.01 M NaOH as acceptor phase, stirring 
speed at 73 rad/s, without sodium chloride in the sample solution. Results are shown 
in Figure 2-4. For 2,4-DCBA, 2,4-DCPA and fenoprop, the enrichment factors 
increased continuously when the number of cycles increased from 5 to 20, but 
continuously decreased with further increase in this number from 20 to 60. For 
2-(2,4-DCPPA) and 3,5-DCBA, the trend exhibited by the enrichment factors were 
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similar. However, the maximum extraction efficiency was achieved when the number 
of cycles was 30. D-LLLME is an equilibrium-based extraction, like static 
three-phase hollow fiber-protected LPME. The amount of analytes extracted is related 
to the mass transfer of analyte from the aqueous donor phase to the organic solvent, 
and then to the aqueous acceptor phase. The extraction time increased with the 
increase in number of cycles. This is a possible reason why better extraction 
efficiency was achieved when this number was increased from 5 to 20 or 30. However, 
the loss of extraction solvent as a result of dissolution in the water possibly led to the 
decrease in extraction efficiency with further increase of cycles. Since only a small 
volume of organic solvent was impregnated in the wall pores of the hollow fiber, the 
effect of solvent depletion was more severe with increasing extraction cycles [25]. On 




























Figure 2-4 Effect of number of extraction cycles on the extraction efficiency of 
D-LLLME (spiked with 50 ng/mL of each compound). 
 






























Figure 2-5 Effect of dwell time on the extraction of anaytes (spiked with 50 ng/mL of 





























Figure 2-6 Effect of syringe plunger speed on the extraction efficiency of D-LLLME 
(spiked with 50 ng/mL of each compound). 
 
Different dwell times ranging from 2 to 7 s were investigated on the extraction 
efficiency at 20 cycles. The other experimental parameters were kept the same as in 
the preceding paragraph. As shown in Figure 2-5, the best extraction efficiency for all 
the target analytes was obtained at a dwell time of 3 s. 
Lastly, syringe plunger speeds were optimized. The experiments were carried out 
Plunger speed (µL/s) 
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by varying plunger speeds from 0.1 µL/s to 0.5 µL/s (at 20 cycles) and dwell time 
fixed at 3 s. The results are shown in Figure 2-6. It is clear that the highest enrichment 
factors were achieved when the syringe plunger speed was 0.3 µL/s, possibly because 
of a compromise between the formation of a thicker organic film on the wall of the 
hollow fiber and the shortened extraction time with the increase of plunger speed. As 
described previously [40, 41, 43, 46], the faster the movement of the syringe plunger, 
the thicker the organic film. When the plunger speed was decreased, although the 
equilibrium between the organic solvent and aqueous solvent could be reached at a 
longer time, however, a thinner film limited the extraction of the amount of analytes 
[40, 43]. This is the possible reason why better extraction efficiency was achieved 
when the plunger speed was increased from 0.1 µL/s to 0.3 µL/s. However, with the 
further increase of plunger speed from 0.3 µL/s to 0.5 µL/s, lower enrichment factors 
were observed. This may be because the time allowed for mass transfer is the 
dominant factor which limits the attainment of equilibrium when the film formed is 
relatively thick with the relatively high plunger speed [40]. Decreasing the plunger 
speed movement speed allowed more time for mass transfer and as a result more 
analytes were extracted into the organic solvent and then to the acceptor phase. In 
addition to this, a heterogeneous organic solvent film might have been formed by fast 
plunger movement, which would affect the extraction efficiency [41]. Thus, 0.3 µL/s 
was chosen as the optimum plunger speed. 




























Figure 2-7 Effect of stirring speed on the extraction of analytes (spiked with 50 
ng/mL of each compound) by D-LLLME. 
 
  As discussed previously (page 56), agitation is a critical parameter for D-LLLME 
since the extraction efficiency is enhanced with faster stirring speed which permits the 
continuous exposure of the extraction surface to fresh aqueous sample. As depicted in 
Figure 2-7, extraction efficiency improved with the increase of stirring speed and 
highest enrichment factors were obtained for most of analytes at a stirring speed of 73 
rad/s. On the other hand, the enrichment factors decreased with a stirring speed of 104 
rad/s or higher speed. This is probably due to the formation of air bubbles, generated 
on or near the fiber surface, which decreased the amount of analytes extracted into the 
organic solvent. On the basis of the above study, 73 rad/s was used as the optimum 
stirring speed. 
2.2.3.1.5 Effect of ionic strength of sample solution 
The addition of salt often improved the extraction of analytes in conventional 
liquid-liquid extraction, solid-phase microextraction and LPME through the 
salting-out effect. It has also been observed that no change of extraction efficiency or 
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even salting-in effect (decreasing extraction efficiency with the addition of salt) was 
achieved when NaCl was added. In the present work, no significant increase in 
extraction efficiency was obtained when 50-250 g/L sodium chloride were employed 
(results not shown). 
2.2.3.2 Extraction efficiency 
  Based on the experiments above, optimum D-LLLME of phenoxy acid herbicides 
was achieved by using 1-octanol as organic solvent, 0.1 M HCl as the donor phase, 
0.01 M NaOH as the acceptor phase at a stirring speed of 73 rad/s without salt. 
Additionally, 20 was employed as the number of cycles with dwell time at 3 s and 
plunger speed at 0.3 µL/s. As shown in Table 2-10, the enrichment factor of 490-fold 
could be obtained within an extraction time of 13 min.  
2.2.3.3 Method validation 
  The repeatability, linearity and LODs were investigated under optimized conditions 
and the results are shown in Table 2-10. As can be seen, good linearity of response of 
each analyte was observed in the range of 0.5 to 500 ng/mL with coefficients of 
determination (r2) higher than 0.9994. The LODs (between 0.1 g/mL and 0.4 ng/mL) 
were calculated at a signal-to-noise ratio (S/N) of 3. In comparison with literature 
values [19] relating to the static three-phase hollow fiber-protected LPME of phenoxy 
acid herbicides in water, D-LLLME provided relatively lower LODs except for 
2-(2,4-DCPPA). The relative standard deviations (RSDs) were smaller than 7.5% 
based on the peak areas for six replicates. The recoveries for ultrapure water sample 
spiked at 5 ng/mL of each analyte, were 94% (2,4-DCBA), 112% (2,4-DCPA), 109% 
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(2-(2,4-DCPPA)), 109% (3,5-DCBA), and 111% (fenoprop). Recoveries were 104% 
(2,4-DCBA), 111% (2,4-DCPA), 115% (2-(2,4-DCPPA)), 96% (3,5-DCBA), and 
102% (fenoprop) when extraction of ultrapure water spiked at 10 ng/mL of each 
analyte was performed. 
2.2.3.4 Extraction of herbicides in environmental waters 
The D-LLLME technique was used for extracting phenoxy acid herbicides from 
water. There were no target analytes detected in the drain water. In pond water, 47 
ng/mL of 2, 4-DCPA (Figure 2-8A) was determined by the standard addition method. 
Its presence was confirmed by spiking the five herbicides into the sample and 
reanalyzing it (Figure 2-8B and Figure 2-8C). Both water samples were spiked with 
the herbicide standards at various concentrations in order to assess matrix effects. 
Results of relative recoveries and RSDs of two water samples in triplicate are shown 
in Table 2-11 when 5 ng/mL and 10 ng/mL herbicide standards were added in the 
samples, respectively. The relative recoveries ranged from 85% and 107% for all 





                    
Table 2-10 Performance of automated D-LLLME 
Compound     Enrichment     RSD%a    Linear range    Coefficient of          Recovery (%)       LODc      LOD 
              factor         (n=6)       (ng/mL)     determination (r2)  5 ng/mLb   10 ng/mLb     (ng/mL)        (ng/mL) 
 
2,4-DCBA  467    7.5   0.5-500       0.9997    94 ± 4.2% 104 ± 6.3%  0.1   0.5d  
2,4-DCPA  384    5.6   1.0-500       0.9999   112 ± 3.0% 111 ± 5 .7%  0.3   0.5d  
2-(2,4-DCPPA) 448    6.4   1.0-500       0.9994   109 ± 6.7% 115 ± 4.3%  0.3   - e 
3,5-DCBA  490    6.5   1.0-500       0.9999   109 ± 6.8%  96 ± 7.7%  0.4   0.5d 
fenoprop  451    3.9   1.0-500       0.9999   111 ± 5.2% 102 ± 4.2%  0.3   0.5d 
Automated D-LLLME conditions: organic solvent: 1-octanol; donor phase: 0.1 M HCl; acceptor phase: 0.01 M NaOH; number of extraction 
cycles: 20; dwell time: 3 s; syringe plunger speed: 0.3 µL/s; extraction stirring speed: 73 rad/s; ionic strength (sodium chloride concentration): 
0 g/L. 
a
 Determined at 50 ng/ml spiking levels. 
b The final concentration of each analyte after spiking in ultrapure water, the experiments were performed in triplicate. 
c
 LODs of automated D-LLLME calculated from S/N = 3. 
d
 LODs of static LLLME of water sample [19]. 
e
 Not available. 
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Table 2-11 Results of analysis of phenoxy acid herbicides in spiked environmental water samples 
Compound     Drain water                                          Pond water                                                           
5 ng/mL                10 ng/mL                  5 ng/mL                   10 ng/mL 
Recoverya     RSD%    Recoverya     RSD%      Recoverya      RSD%      Recoverya       RSD%   
              (%)          (n=3)      (%)         (n=3)         (%)         (n=3)         (%)         (n=3)        
2,4-DCBA  99    5.6   95   8.3    100    6.7   102    4.7 
2,4-DCPA   90    7.5   95   7.4    NCb   6.3   NCb   5.6 
2-(2,4-DCPPA) 94    4.9   102   5.7    107    8.2   100    4.9 
3,5-DCBA  88    6.4   95   5.6    102    4.5   103    6.5 
fenoprop  88    5.9   89   4.8    94    5.3   85    6.8 
 
a
 n=3.  
b Not considered since this analyte was detected in pond water. 
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Figure 2-8 HPLC-UV chromatograms of pond water situated in a botanic garden 
extracted by automated D-LLLME. (A) Blank pond water sample, (B) pond water 
sample spiked with 5 ng/mL of each analyte, (C) pond water sample spiked with 10 
ng/mL of each analyte. Peaks: 1 = 2,4-DCBA, 2 = 2,4-DCPA, 3 = 2-(2,4-DCPPA), 4 = 
3,5-DCBA, 5 = fenoprop. For HPLC conditions, see Experimental section. 
 
2.3 Summary 
In this study, two modes of three-phase hollow fiber-protected LPME, static 
three-phase hollow fiber-protected LPME and D-LLLME, combined with HPLC-UV, 
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were applied to determine environmental pollutants in aqueous samples.  
In the static three-phase hollow fiber-protected LPME, for the first time, OADs was 
efficiently employed to optimize extraction conditions for analyzing NSAID residues 
in wastewater samples. An OA16 (41 × 212) matrix was used to study the effects of six 
factors. The effect of each factor was estimated using individual contributions as 
response functions in the first stage. The extraction organic solvent selected was 
1-octanol. Then an OA16 (45) matrix and a 4 × 4 table were applied for further 
optimization and the more exact levels of other five factors were chosen. Up to 
1904-fold enrichment factor could be achieved. This study shows that OAD is an 
effective approach for optimizing static three-phase hollow fiber-protected LPME 
conditions. The optimized LPME conditions are suitable for the extraction of NSAIDs 
in the sub- to low ng/mL range (subsequent determination by HPLC) in real water 
samples. The use of OAD not only saves time, but also enables the consideration of 
interactions among extraction conditions which is not possible in a univariate 
approach.  
In automated D-LLLME procedure, the acceptor phase was repeatedly withdrawn 
into and discharged from the hollow fiber by the syringe pump. The repetitive 
movement of acceptor phase into and out of the hollow fiber channel facilitated the 
transfer of analytes into acceptor phase, from the organic phase held in the pore of the 
fiber. Parameters such as the organic solvent, concentrations of the donor and acceptor 
phases, plunger movement pattern, speed of agitation and ionic strength of donor 
phase were evaluated. Results showed that optimum D-LLLME of phenoxy acid 
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herbicides was achieved by using 1-octanol as organic solvent, 0.1 M HCl as the 
donor phase, 0.01 M NaOH as the acceptor phase at a stirring speed of 73 rad/s 
without salt. Additionally, 20 was employed as the number of cycles with dwell time 
at 3 s and plunger speed at 0.3 µL/s. Good linearity of analytes was achieved in the 
range of 0.5-500 ng/ml with coefficients of determination, r2 > 0.9994. Good 
repeatabilities of extraction performance were obtained with relative standard 
deviations lower than 7.5%. The method provided up-to 490-fold enrichment within 
13 min, a very attractive feature of the technique that is probably not achievable by 
any single-step extraction procedure.  This method was successfully applied in the 
analysis of phenoxy acid herbicides from real environmental water samples. 
There are two limitations for this method. Firstly, the depletion of organic solvent 
and analytes in the repetitive movement of acceptor phase may lead to the loss of the 
extracted target compounds. Secondly, air bubble formation in the acceptor phase was 
a potential problem in this extraction process and affected the extraction precision.  
Despite the limitations mentioned above, this study demonstrates that automated 
D-LLLME is a simple, fast method for the analysis of environmental water samples 
since there is no need for reconstitution of analytes before injection into an for HPLC 
system for analysis.  
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Chapter 3 Two-phase hollow fiber-protected 
liquid-phase microextraction techniques coupled to 
derivatization combined with GC-MS analysis 
As introduced in Chapter 1, in two-phase hollow fiber-protected LPME, analytes 
are extracted by passive diffusion from the aqueous donor phase directly into the 
organic acceptor phase confined in the hollow fiber. Since the acceptor phase is 
organic phase, it can be directly transferred for the analysis by normal-phase HPLC or 
GC. 
GC-MS can be employed for the analysis of many compounds without 
derivatization. However, as discussed in the Chapter 1, there are several reasons 
making direct GC analysis either difficult or impossible, especially, when ionic 
compounds are analyzed, since these compounds of high polarity and low volatility 
tend to undergo adsorption on the GC column support or decomposition on it, thus 
leading to peak tailing which makes quantification difficult or impossible. In the 
analysis of these compounds, derivatization is usually necessary to improve their 
volatility. Furthermore, selective and sensitive detection responses may be obtained 
by adding certain functional groups to the compounds. Even specific derivatives can 
be utilized for identification with the help of MS. Therefore, compared to HPLC-UV, 
the combination of derivatization and GC-MS can reduce LOD of ionic compounds. 
In this chapter, several types of derivatization techniques combined with two-phase 
hollow fiber-protected LPME have been used for the analysis of trace ionic organic 
compounds in the environmental waters by GC-MS. In the first part, a new approach 
to the derivatization coupled to two-phase hollow fiber-protected LPME termed 
ion-pair LPME combined with injection-port derivatization was developed. Static 
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ion-pair LPME combined with injection-port derivatization was developed and 
applied to the analysis of acidic herbicides. In the second part, dynamic ion-pair 
two-phase hollow fiber-protected LPME combined with injection-port derivatization 
was developed and applied to the determination of long-chain fatty acids in 
environmental water samples. The parameters related to derivatization and extraction 
procedures were investigated in detail. 
 
3.1 Static ion-pair LPME combined with injection-port 
derivatization for trace analysis of acidic herbicides in 
environmental water 
3.1.1 Introduction 
Acidic herbicides are widely used in agriculture and forestry for control of weeds 
and other vegetation. They are relatively inexpensive and very potent even at low 
concentrations. However, after application, acidic herbicides can easily enter different 
water bodies and other environmental systems due to their relatively good solubility 
in water [1-28]. Although none of the acidic herbicides is considered very toxic, they 
are hazardous to many living organisms because of their mutagenic, teratogenic and 
carcinogenic properties. Therefore, it is of importance that they be monitored in 
environmental, especially aqueous, samples. 
  The determination of trace acidic herbicides in complex aqueous samples requires 
sensitive, selective analytical techniques such as GC [3-17] and HPLC [18-27]. In 
HPLC analysis, the acidic herbicides can be directly analyzed in the ionic form (via 
ion-pairing) or neutral form (via ion suppression) without chemical derivatization [1]. 
However, the presence of humic acids that are co-extracted with acidic herbicides 
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from environmental waters have been reported to lead to signal suppression in 
HPLC-MS detection, thus compromising their trace analysis [29-31]. On the other 
hand, compared to HPLC, GC analysis is not susceptible to interference from humic 
substances.  
Derivatization is required to increase analyte volatility and improve GC separation 
of acid herbicides [1,3-17]. The typical reactions of derivatization of acidic herbicides 
are transesterification, esterification, silylation, alkylation, extractive and pyrolytic 
alkylation [3]. Among derivatization reagents, diazomethane is the most frequently 
used, but it is toxic, carcinogenic and explosive [5]. Benzyl bromide can be employed 
directly in water, but the derivatization yield is low with poor reproducibility [32]. 
Methyl iodide ensures rapid and efficient methylation; however, additional heating 
with relatively high temperature (80°C) is needed during the derivatization procedure 
[33]. Butyl chloroformate [34] and dimethyl sulfite [35] can be used for derivatization 
in water. Acetic anhydride [36] can be used for in-situ derivatization.  
Bis(trimethylsilyl)trifluoroacetamide [37] has also been used for silylation.  
The injection-port derivatization procedure with an ion-pair reagent [38] (also 
named pyrolytic alkylation [3]) is a very convenient derivatization process since this 
method significantly reduces solvent waste, simplifies sample preparation and avoids 
the use of hazardous reagents. The procedure is initiated by reacting the carboxylic 
acid group of acidic herbicides with tetraalkylammonium (TAA) salts [i.e. 
tetrabutylammonium hydrogen sulfate, N(Bu)4+ HSO4-] to form carboxylate ion pairs 
[RCOO- N(Bu)4+ ] in solution. Upon introduction to a high-temperature GC 
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injection-port, the ion-pairs are transformed to their corresponding volatile butyl 
esters [RCOOBu]. Compared to methylated acidic herbicides transformed from 
tetramethylammonium ion-pairs in the GC injection-port, butylated acidic herbicides 
can produce higher molecular ion peaks in characteristic mass chromatograms; this 
approach was reported to improve the sensitivity of the determination [38]. 
  To achieve low LODs, an enrichment step prior to analysis is essential. In the past, 
typically this is done by LLE [35,39] or SPE [5,11,13,15]. However, as described in 
Chapter 1, both types of extraction require large sample volumes and are 
time-consuming. These problems can be overcome by miniaturized techniques such 
as SPME, which has been successfully used for extracting acidic herbicides 
[8,10,16-17,24]. This simple and solventless extraction technique has proved to be a 
powerful alternative to traditional extraction techniques. However, SPME fibers are 
fragile and relatively expensive, and tend to degrade with multiple usages. LPME 
[40-42] is an emerging technique that is based on the use of a small amount of organic 
solvent to extract analytes from moderate amounts of aqueous matrices. It has been 
shown to be a viable alternative sample preparation method to conventional extraction 
techniques. After extraction, the extract is introduced to a GC without further 
treatment. An improved type of LPME, is hollow fiber-protected LPME [43-44], in 
which the extraction solvent is protected and stabilized in the hollow fiber.  
  Ion-pair extraction is a method for partitioning of ionic compounds (compounds 
that can be ionized) with the aid of counter-ions of opposite charge [45]. Extracted 
ion-pairs can be converted into their volatile esters via GC injection-port 
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derivatization [46-55] or directly analyzed by HPLC [26, 56]. Ion-pair SPME, for 
example, has been applied to determine surfactants [46] and ion-pair SPE has been 
used for the analysis of drug residues [47] and surfactants [48-50] in water samples. 
Additionally, ion-pair LLE [51-55], has been successfully used for extraction of 
environmental compounds.  
In this work, for the first time, a method based on GC injection-port derivatization 
following ion-pair hollow fiber-protected LPME is reported. In this procedure, 
ion-pairs formed in the aqueous samples were extracted into the organic solvent 
(acceptor phase) in the hollow fiber and ion-pairs-enriched extraction solvent were 
directly introduced into GC injection-port (in which derivatization occurred) for 
analysis. The method was optimized with respect to the selection of derivatization 
conditions such as injection temperature, and purge-off time. In addition to this, 
several factors related to hollow fiber-protected LPME: the type of organic solvent, 
ion-pair reagent type and concentration, pH, salt concentration added, agitation speed 
and extraction time were investigated. Finally, comparison of this new method with 
injection-port derivatization following SPME was also performed.  
3.1.2 Experimental section 
3.1.2.1 Chemicals and standards 
Commercially available SPME fiber coating, polyacrylate (PA, 85 µm), 
poly(dimethylsiloxane) (PDMS, 100 µm), Carbowax- divinylbenzene (CW/DVB, 65 
µm), and poly(dimethylsiloxane)-divinylbenzene (PDMS/DVB, 65 µm) were 
purchased form Supelco (Bellefonte, PA, USA).  
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The ion-pair reagent tetrabutylammonium hydrogen sulfate (TBA-HSO4) (97%) 
was bought from Aldrich (Steinheim, Germany), tetrabutylammonium bromide 
(TBA-Br) and tetrabutylammonium chloride (TBA-Cl) were purchased from TCI 
(Tokyo, Japan). Dihexyl ether (≥97%, GC), sodium carbonate (Na2CO3), sodium 
dihydrogen phosphate (NaH2PO4) and sodium monohydrogen phosphate (Na2HPO4) 
were purchased from Fluka. Acetone was supplied by Fisher. Phosphoric acid was 
purchased from Carlo Erba (Milan, Italy). Humic acid sodium salt (m.p. > 300 °C) 
was obtained from Aldrich (Milwaukee, WI, USA). All the other chemicals and 
reagents employed were mentioned in Chapter 2 (page 67). 
Stock standard solutions of each analyte were prepared separately in methanol at 1 
mg·mL-1 and stored at 4°C. Mixtures of standard working solutions for extraction at 
different concentrations were prepared by dilution with ultrapure water each day for 
the optimization procedure. Analytes at 50 ng/mL spiking levels were used for the 
optimization study. 
3.1.2.2 Water samples 
Real water samples were taken from a drain in a residential estate (pH 7.7), and a 
pond (pH 7.0) near a golf course in Singapore on November 20, 2005. The samples 
were stored at 4°C in clean glass bottles and analyzed the following day. 
3.1.2.3 Ion-pair hollow fiber-protected LPME 
Briefly, the extraction procedure was carried out as follows: in preliminary 
experiments, a 10 mL aqueous sample was prepared by adding analytes, ion-pair 
reagent and buffer solution in a 12-mL sample vial. Then, a magnetic stirring bar (12 
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× 3 mm) was placed in the sample vial. After 4.0 µL of organic solvent was 
withdrawn into the microsyringe, the needle tip was inserted into the 1.8-cm hollow 
fiber segment. The hollow fiber was then immersed into organic solvent for 5 s for 
impregnation of its wall pores. The organic solvent in the microsyringe was then 
completely discharged into the hollow fiber channel. The fiber connected to the 
microsyringe was placed in the water sample, and the microsyringe barrel was fixed 
on the retort stand. To prevent or reduce evaporation of the organic solvent, a piece of 
Parafilm was used to cover the sample vial. The magnetic stirrer was then switched on. 
After a period of extraction, the hollow fiber-needle assembly was removed from the 
sample. The ion-pairs-enriched organic solvent extract was withdrawn into the 
microsyringe and the hollow fiber membrane was discarded. A 2.0-µL aliquot of the 
extract was injected directly into the GC-MS for derivatization and analysis.   
3.1.2.4 Ion-pair SPME 
The SPME experiments were carried out using a manual SPME device. A 12-mL 
vial was filled with 10 mL of aqueous sample (including analytes, ion-pairing reagent 
and buffer solution). Prior to use, all the fibers were conditioned by heating in a 
helium atmosphere according to the manufacturer’s directions. Parameters influencing 
the SPME process were optimized including four different commercially available 
fibers (as mentioned above). The concentration of NaCl added to the aqueous samples 
was varied from 0% g/mL to 30% g/mL. In the optimized SPME procedure, a 100-µm 
PDMS fiber was immersed in the aqueous sample for 40 min with stirring speed at 73 
rad/s. After extraction, the SPME fiber was desorbed at the GC injection-port at 
 94
260°C for 5 min.  
3.1.2.5 Ion-pair LLE 
Ion-pair LLE was used for optimizing the GC temperature program and 
derivatization procedure. Briefly, 0.2 mL of a solution of herbicides (1 mg/mL of each 
compound), 0.5 mL 0.5 M TBA-HSO4 and 2.0 mL 0.25 M Na2CO3 buffer solution 
(pH 10.0) were added to a 10-mL centrifuge tube with screw cap, and completely 
mixed by manual shaking for several minutes. Then 1.0 mL 1-octanol was added to 
the tube for extracting the ion-pairs of the herbicides. Extraction was performed for 10 
min by manually shaking the tube. Upon centrifugation, the upper 1-octanol phase 
was removed into a 4-mL clean glass vial. A 2.0-µL aliquot of the ion-pairs-enriched 
1-octanol was injected directly into the GC-MS. 
3.1.2.6 Injection-port derivatization 
Upon injection, ion-pairs of acidic herbicides were derivatized nearly 
instantaneously to their alkyl esters in the hot injection-port [57]. Related 
derivatization parameters such as temperature and purge-off time were optimized.  
3.1.2.7 Instrumentation 
Analysis of the acidic herbicide derivatives was performed on a Hewlett-Packard 
(Santa Clara, CA, USA) Series 6890 GC coupled to a Hewlett-Packard 5973 MS 
detector. The GC was fitted with ZB-1 MS capillary column (30 m × 0.25 mm i.d., 
0.25-µm film thickness) from Phenomenex (Torrance, CA, USA). Helium (99.999%) 
was used as the carrier gas at 1.0 mL·min-1. The following temperature program was 
employed: 70 °C for 1 min; increased to 180 °C at 10 °C·min-1, held for 5 min; finally 
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increased to 300 °C at 10 °C·min-1, held for 1 min. The MS quadrupole and the MS 
source temperatures were set at 150 and 230 °C, respectively. Electron impact (EI) 
mass spectra were obtained at an acceleration energy of 70 eV. A 2.0 µL aliquot of 
extract was injected in the splitless mode. Data acquisition was performed in the full 
scan mode (in the range m/z 50-450) to confirm the retention times of analytes, and in 
SIM mode for quantification. A dwell time of 50 ms was used for each mass operated 
in SIM mode with high resolution. The filament delay time was set as 12.5 min. 
Standard addition method was used in quantitative analysis for water samples.  
A 10-µL microsyringe with a conical needle tip (SGE, Sydney, Australia) was 
employed for LPME. The hollow fiber (1.8-cm length) was ultrasonically cleaned in 
acetone for 20 min and air-dried prior to extraction.  
3.1.3 Results and discussion 
3.1.3.1 GC-MS analysis 
Derivatization was preceded by the reaction of acidic herbicides [ROOH] with 
tetrabutylammonium salts [N(Bu)4+ X-] (see page 92) to form carboxylate ion-pairs 
[RCOO- N(Bu)4+ ] in solution (eq. (3-1)). 
RCOOH + N(Bu)4+ X-  ⇌ RCOO- N(Bu)4+ + HX          (3-1) 
Upon introduction to a high-temperature GC injection-port, the ion-pairs were 
derivatized to their corresponding volatile butyl esters [RCOOBu] (eq. (3-2)). 
RCOO- N(Bu)4+  →  RCOO Bu + N(Bu)3                (3-2) 
Figure 3-1 depicts the full-scan EI mass spectra of the butyl esters of the respective 
acidic herbicides. It is clear that intense molecular ions with characteristic chlorine 
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isotopic patterns of these butylated acidic herbicides were observed. It is also true that 
there are some common fragmentation pathways. The characteristic fragmentation 
peaks of butylated acidic herbicides including [M-56] + and [M-101] + ions were 
probably produced due to the loss of butene [C4H8] from the butyl ester side and the 
loss of the [C4H9COO-], respectively [38]. Additionally, molecular ions [M]+ were 
also observed forall five butylated acidic herbicides (m/z 246, butylated 3,5-DCBA, 
Figure 3-1a; m/z 246, butylated 2,4-DCBA, Figure 3-1b; m/z 290, butylated 
dichlorprop, Figure 3-1c; m/z 276, butylated 2,4-D, Figure 3-1d; m/z 324, butylated 
fenoprop, Figure 3-1e). For butylated 3,5-DCBA (Figure 3-1a) and butylated 
2,4-DCBA (Figure 3-1b), another ion was found at m/z 173, presumably due to the 
loss of [OC4H9]. For butylated 2,4-D (Figure 3-1d), an ion at m/z 185 was observed, 
possibly due to the loss of butene initially, followed by loss of chlorine ([M - C4H8 - 
Cl]+). The major fragment ions with even-numbered m/z values in Figures 3-1a, c-e 
arose from McLafferty rearrangements. It appears that a similar rearrangement was 
not favorable for butylated-2,4-DCBA (Figure 3-1b). Based on the above discussion, 
it is obvious that the identities of the acidic herbicides in complex environmental 
aqueous samples can be easily confirmed from a consideration of the respective 
butylated-herbicide [M]+ ions. Some physicochemical properties of the acidic 
herbicides are listed in Table 3-1, as well as retention times and characteristic ions of 
their derivatives. 






                                                   









                                                   





Figure 3-1 Electron impact mass spectra of butylated derivatives of the acidic 
herbicides: (a) 3,5-DCBA, (b) 2,4-DCBA, (c) dichlorprop, (d) 2,4-D, (e) fenoprop. 
Probable fragmentation mechanisms are suggested. 
 
For ion-pair injection-port derivatization, the injection temperature is an important 
parameter [57-58]. Hence, different injection-port temperatures ranging from 240°C 
to 320°C (at 20°C increments) were evaluated under the condition of a 1-min 
purge-off time. The results are shown in Figure 3-2. Analytical responses (abundance, 
also named peak area) of the five butylated derivatives except for fenoprop increased 
sharply with the increase of injection-port temperature from 240°C to 260°C. This 
result implies that increasing the reaction temperature increased the reaction 
Table 3-1. Physicochemical properties of target acidic herbicides, retention times and characteristic ions of 
butylated derivatives  
 
Analyte     pKa   Mol wt   Derivatized compound   Retention time   Characteristic ions  
                                                  (min)             (m/z) 
3,5-DCBA  3.54 190   butylated 3,5-DCBA  13.68   145 + 173 + 190 + 246 
2,4-DCBA 2.50  190     butylated 2,4-DCBA  13.90   145 + 173 + 190 + 246 
dichlorprop    - 234   butylated dichlorprop  16.68   162 + 189 + 290 
2,4-D  2.87 220   butylated 2,4-D   17.42   145 + 162 + 185 + 220 + 276 
fenoprop 4.41 268   butylated fenoprop  19.62   196 + 223 + 324 
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efficiency, by overcoming the energy barrier of the debutylation of ion-pairs and 
steric interference [54]. When the injection-port temperature was changed from 260°C 
to 320°C, the peak areas of butylated 3,5-DCBA and 2,4-DCBA were observed to 
decrease progressively. For dichlorprop and 2,4-D, the peak areas of butylated 
derivatives decreased when injection-port temperature was increased from 260°C to 
280°C, then increased with the temperature change from 280°C to 300°C, followed by 
a decrease as the temperature was further increased to 320°C. For fenoprop, the 
analytical response of butylated derivative showed a flat profile between 260°C to 
280°C, and then decreased progressively when the temperature was changed from 
280°C to 320(°C). These results imply that too high a temperature may possibly lead 
to additional reactions instead of just butylated derivatization. Based on the above 
discussion, 260°C was selected as the optimal injection-port temperature because of 
the highest analytical responses obtained at this value. 
 
Figure 3-2 The effect of injection-port temperature on the analytical signals in 
ion-pair LLE combined with injection-port derivatization (purge-off time 1.0 min). 
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  In addition, different purge-off time between 0 and 2.5 min (in splitless mode) was 
also investigated (shown in Figure 3-3). It is observed that GC-MS responses 
increased when purge-off time was increased from 0 min to 1.5 min, and then 
remained generally unchanged with the purge-off time increasing from 1.5 min to 2.5 
min, for the butylated derivatives, except butylated 2,4-D. For the latter, the response 
increased with the purge-off time increase from 0 to 1.0 min, followed by a generally 
flat profile when the purge-off time was increased from 1.0 to 2.5 min. Thus, 2.0 min 






















Figure 3-3 The effect of purge-off time on the analytical signals in ion-pair LLE 
combined with injection-port derivatization (injection-port temperature at 260°C). 
 
3.1.3.3 Ion-pair hollow fiber-protected LPME procedure 
As stated previously, the object of ion-pair extraction is to extract a charged analyte 
from an aqueous sample into an immiscible phase by firstly converting the charged 
species into electrically neutral ion-pair with a counter-ion. It is reasonable to assume 
that the mechanism of ion-pair extraction consists of two equilibrium processes. One 
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is the formation of the ion-pair in the aqueous phase and the other is the distribution 
of the ion-pair between the aqueous and organic phases. Ion-pair extraction rate is 
controlled by diffusive mass transfer through the Nernst layer rather than by the rate 
of the chemical reaction between cation and anion to form the ion pair when a rapid 
stirring speed is employed [59].  
The ion-pair distribution between an aqueous sample and an immiscible organic 
solvent impregnated in the hollow fiber can be illustrated by the reaction of a 
deprotonated acid anionic sample P- with a cationic reagent Q+. 
              P- + Q+ ⇌ P-Q+ ⇌ (P-Q+)o                              (3-3) 
(where species in the organic phase are shown to have subscript o and those in the 
aqueous phase have no subscript). There are two equilibrium processes. In the first, 
the deprotonated acid anionic sample P- reacts with a cationic reagent Q+ to form only 
one type of ion-pair P-Q+ in the aqueous sample, in which the extracted ion-pair does 
not dissociate or aggregate. The ion association constant KA, refers to the reaction 
P- + Q+ ⇌ P-Q+ ; KA = [P-Q+] / [P-] [Q+]                  (3-4) 
In the second equilibrium process, the ion-pair in the aqueous sample is extracted into 
the organic phase. The distribution coefficient of the ion pair P-Q+ between the 
aqueous and organic phase, KD, refers to the equilibrium 
P-Q+ ⇌ (P-Q+)o ; KD = [P-Q+]o / [P-Q+]                    (3-5) 
Combining the two equilibrium processes, the extraction constant, Kex, can be 
expressed as  
Kex = [P-Q+]o / [P-] [Q+] = KA KD                         (3-6) 
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where [P-], [Q+] and [P-Q+] are the equilibrium concentrations of the sample ion P-, 
reagent ion Q+, and ion-pair P-Q+ in the aqueous phase, respectively. [P-Q+]o is the 
equilibrium concentration of the ion-pair P-Q+ in the organic phase.  
  If the effect of additional side reactions is not considered, the mass balance 
relationship of the analyte can be expressed as 
[P-]orig V = [P-] V + [P-Q+] V + [P-Q+]o Vo                  (3-7) 
where [P-]orig is the original concentration of analyte in the aqueous sample, V is the 
volume of the aqueous phase, and Vo is the volume of the organic phase. 
  The enrichment factor Ef can be defined as the ratio of [P-Q+]o/[P-]orig and 
calculated from eq. (3-4), (3-5), (3-6) and (3-7): 
Ef = 1 / (Vo/V + 1/KD + 1/ Kex[Q+])                       (3-8) 
It is seen from eq. (3-8) that low Vo/V, high distribution coefficient KD, high extraction 
constant Kex and high concentration of reagent ion Q+ can lead to high Ef. 
  In ion-pair hollow fiber-protected LPME, the extraction organic solvent, ion-pair 
reagent type, pH value of the aqueous sample, the concentration of the ion-pair 
reagent, salt concentration, stirring speed and extraction time were investigated in 
order to find out the most efficient extraction conditions for the acidic herbicides in an 
aqueous sample.   
3.1.3.3.1 Selection of extraction solvent 
As motioned previously (Chapter 2), the organic solvent is critically important in 
LPME. The same requirement is subject to ion-pair hollow fiber-protected LPME 
since it affects the distribution coefficient of the ion pair P-Q+ between the aqueous 
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and organic phase, KD in the eq. (3-8). Additionally, the selected solvent should be 
impregnated completely in the pores of the fiber. Finally, the solvent must be of low 
volatility and immiscibility with water. On the basis of these considerations, 1-octanol, 
toluene, ethyl acetate, n-octane, di-n-hexyl ether and n-nonane were investigated in 
preliminary experiments. Extractions were carried out for 20 min from 10.0-mL 
solutions containing 50 ng/mL acidic herbicides and 0.05 M TBA-HSO4 dissolved in 
0.1 M Na2HPO4-NaH2PO4 buffer (pH 9.2). Stirring speed was kept at 73 rad/s. No 
NaCl was added. The experiments indicated that GC-MS responses were significantly 
different for these solvents. 1-octanol presented better extraction efficiency than the 
other five organic solvents (data not shown) for the five ion-pairs of acidic herbicides. 
It is assumed that the relative high dielectric constant or polarity of the 1-octanol 
increase its extractability of the ion-pairs of acidic herbicides [60]. It is also possible 
that there is greater affinity of 1-octanol for the ion-pairs due to its hydrogen-bonding 
ability. Based on the above considerations, 1-octanol was selected as the solvent of 
choice. 
3.1.3.3.2 Selection of ion-pair reagent 
The ion-pair reagent served two purposes in this study. First, it allowed the 
extraction of acidic herbicides with 1-octanol by ion-pairing. Secondly, the 
derivatization of the formed ion-pair of acidic herbicides occurred in the GC 
injection-port to form the corresponding acidic herbicide butyl esters.  Considering 
the different derivatization effect of different ion-pair reagents, TBA-Br, TBA-Cl and 
TBA-HSO4 were evaluated in preliminary studies. In these experiments, extractions 
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for 20 min were performed with the donor phase of 10 mL 50 ng/mL acidic herbicides, 
0.05 M ion-pair reagent in 0.1 M Na2HPO4-NaH2PO4 buffer (pH 9.2) at a stirring 
speed of 73 rad/s. No sodium chloride was added to the aqueous sample. It was 
observed that there was no difference in the analytical responses (data not shown) 
when TBA-Br, TBA-Cl and TBA-HSO4 was employed, respectively. Although each 
of three ion-pair reagents could be used in this study, TBA-Cl was chosen randomly 
(the other two could have equally selected). 
3.1.3.3.3 Adjustment of pH 
The pH value of the donor phase is a critical parameter in ion-pair extraction to 
achieve high distribution ratio and enrichment factor since the proportion between the 
uncharged form and the ion-pair is determined by pH and the equilibrium constants 
[45,61]. The pH value of the donor phase was adjusted to promote the formation of 
ion-pairs and therefore increase their partition coefficients between the acceptor phase 
and the donor phase. In the preliminary experiments, 1-octanol was used as the 
extraction organic solvent. Extraction was carried out from 10 mL of donor phase 
containing 50 ng/mL acidic herbicides, 0.05 M TBA-Cl and 0.1 M 
Na2HPO4-NaH2PO4 buffer, for 20 min, at a agitation speed of 73 rad/s. The pH range 
of the donor phase was changed from 5.0 to 10.0. It is shown in Figure 3-4 that the 
peak areas of 2,4-DCBA, dichlorprop and 2,4-D maintained a flat profile when the pH 
was increased from 5.0 to 10.0. The peak areas of 3,5-DCBA and fenoprop increased 
slowly when the pH value of sample solution was increased from 5.0 to 7.0 and 
remained almost unchanged when the pH was changed from 7.0 to 10.0. The 
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observation may be attributed to the relationship between the pKa’s of the acidic 
herbicides and the pH of the sample solution. It is well known that the pH of the 
donor phase should generally be 2 units higher than the pKa of the analyte to 
completely ionize an acidic compound (the pKa’s of 3,5-DCBA, 2,4-DCBA, 2,4-D 
and fenoprop are 3.54, 2.5, 2.87 and 4.41, respectively) [62] to form the ion-pair 
compounds. Thus, the pH of the sample solution should be higher than 5.6 for 
3,5-DCBA or 6.4 for fenoprop to completely ionize the analyte. This may explain why 
the analytical responses of 3,5-DCBA and fenoprop increased with the increase of pH 
from 5.0 to 7.0. On the basis of this information, 7.0 was selected as the optimum pH 

























Figure 3-4 The effect of pH value of sample solution on extraction efficiency of 
ion-pair hollow fiber-protected LPME. Concentration, 50 ng/mL of each compound. 





3.1.3.3.4 Ion-pair reagent concentration 
According to eq. (3-8), ion-pair reagent concentration is important for the 
extraction. Usually, the higher concentration of the ion-pair reagent, the higher the 
extraction efficiency. Different concentrations of TBA-Cl from 5 mM to 0.5 M were 
investigated. As shown in Figure 3-5, the peak areas of 3,5-DCBA and dichlorprop 
butyl esters rapidly increased with TBA-Cl concentration increasing from 5 mM to 
0.1 M, and then decreased with TBA-Cl concentration from 0.1 M to 0.5 M. For 
2,4-DCBA and fenoprop butyl esters, similar peak area trends were observed in which 
the optimum TBA-Cl concentration was 0.2 M for 2,4-DCBA and 0.05 M for 
fenoprop.  For the 2,4-D butyl ester, a different phenomenon was observed. The 
2,4-D butyl ester peak area sharply increased when TBA-Cl concentration was 
increased from 5 mM to 0.1 M, followed by a slow increase with the change of 
TBA-Cl concentration from 0.1 M to 0.5 M. It is possible that the peak areas of butyl 
esters increase with the increase of the concentration of ion-pair reagent because the 
latter increased the extent of ion-pair formation in the aqueous solution. 
Correspondingly, this resulted in a higher ion-pair concentration in the extraction 
solvent. However, too high a concentration of the ion-pair reagent led to a high 
concentration of salt in the aqueous sample, thus bringing out a change of physical 
properties of the Nernst diffusion film [63]. This reduced the rate of diffusion of the 
acidic herbicide ion-pairs into 1-octanol. This may explain why peak areas decreased 
with the increase of the ion-pair reagent from 0.1 M to 0.5 M. Considering these 


























Figure 3-5 The effect of ion-pair reagent TBA-Cl concentration on extraction 
efficiency of ion-pair hollow fiber-protected LPME. Concentration, 50 ng/mL of each 
compound. pH of sample solution, 7.0. Extraction time, 20 min. 
 
3.1.3.3.5 Effect of addition of sodium chloride 
As stated in Chapter 2, addition of sodium chloride to the sample solution may 
have several effects on LPME as it increases the ionic strength of solution as well as 
changes the physical properties of the Nernst diffusion film. Generally, addition of 
salt can decrease the solubility of analytes in the aqueous sample and enrich their 
partitioning into the organic phase. However, the change of the physical properties of 
the Nernst diffusion film can reduce the rate of diffusion of the analytes into the 
organic phase [63], therefore decreasing the extraction efficiency of the organic phase 
within a period time. In our study, different concentrations of sodium chloride ranging 
from 0% (w/v) to 30% (w/v) were studied. It is obvious that the extraction efficiency 
of four ion-pairs of acidic herbicides excluding 2,4-DCBA decreased with the increase 
of sodium chloride concentration added into the sample solution (as depicted in 
Figure 3-6). One possible reason contributing to these findings is the decreased rate of 
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the formation of ion-pairs of the analytes resulting from the decreased rate of 
dissociation of ion-reagent (TBA-Cl) when the salt was added to the aqueous sample. 
The higher the concentration of sodium chloride, the lower rate of formation of 
ion-pairs of acidic herbicides in the aqueous sample. Thus, there is a smaller amount 
of ion-pairs of the analytes extracted into the organic phase. On the basis of these 



























Figure 3-6 The effect of NaCl concentration on ion-pair hollow fiber-protected 
LPME. Concentration, 50 ng/mL of each compound. pH of sample solution, 7.0. 
TBA-Cl concentration, 0.1 M. Extraction time, 20 min. 
 
 
3.1.3.3.6 Effect of agitation 
As mentioned previously, in hollow fiber-protected LPME, the extraction can be 
accelerated by stirring the aqueous sample because of the decreased thickness of the 
Nernst diffusion layer [59] as well as the continuous exposure of the extraction 
surface to fresh aqueous sample. It is also true in ion-pair hollow fiber-protected 
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LPME. As demonstrated in Figure 3-7, extraction efficiency increased with the 
increase of stirring speed and the highest peak areas were reached for all butyl esters 
at a speed of 131 rad/s. However, with extraction at 105 rad/s or higher, occasionally 
excessive air bubbles were generated that adhered to the surface of the hollow fiber, 
making the experiments difficult to control, and thus leading to poor reproducibility. It 
is consistent with the previous observation (Chapter 2). Therefore, 73 rad/s was 
deemed to be the optimum stirring speed. 
 
 
Figure 3-7 The effect of stirring speed on the extraction efficiency of ion-pair hollow 
fiber-protected LPME. Concentration, 50 ng/mL of each compound. pH of sample 
solution, 7.0. TBA-Cl concentration, 0.1 M. Sodium chloride concentration, 0%. 
Extraction time, 20 min. 
 
 
3.1.3.3.7 Extraction Time 
A series of extraction times was investigated by extraction of spiked solutions (50 
ng/mL of each compound) at 73 rad/s. For all target ion-pairs of the acidic herbicides, 
the amount extracted increased continuously with increasing extraction time from 10 
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to 60 min (shown in Figure 3-8). It is clear from Figure 3-8 that attainment of 
equilibrium would take longer. Since it is undesirable to have such a prolonged 
extraction time for the sake of achieving equilibrium, and considering the relationship 
of acceptable extraction efficiency and relatively short extraction time, 40 min was 
employed in this study. 
Based on the above results, optimized conditions for ion-pair hollow 
fiber-protected LPME were:  0.1 M TBA-Cl as the ion-pair reagent; 0.1 M 
Na2HPO4-NaH2PO4 with pH at 7.0 as buffer solution; 40 min of extraction time at a 























Figure 3-8 The extraction time profile of ion-pair hollow fiber-protected LPME. 
Concentration, 50 ng/mL of each compound. pH of sample solution, 7.0. TBA-Cl 
concentration, 0.1 M. Sodium chloride concentration, 0%. Stirring speed, 73 rad/s. 
 
3.1.3.4 Effect of humic acid 
Further experiments were conducted to investigate the effect of humic acids on the 
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extraction efficiency. The concentration of humic acids was varied in the range of 
0-100 mg/L (concentration for each analyte, 1 ng/mL). It was observed that humic 
acids did not significantly decrease the extraction efficiencies when the concentration 
of humic acids added ranged from 0 to 100 mg/L (data not shown). This can be 
possibly attributed to the selectivity of the hollow fiber membrane, which excluded 
high molecular weight contaminants from interfering with the extraction [43]. 
3.1.3.5 Evaluation of the proposed method 
To evaluate the practical applicability of this new method, analytical quality 
parameters (i.e. linearity, repeatability and LODs) were investigated with spiked 
ultrapure water. The performance of this method under the optimum conditions is 
shown in Table 3-2. The good linearity of response was in the range from 0.1 or 0.01 
to 100 ng/mL with the coefficient of determination (r2) > 0.9939. The RSD was less 
than 12.3% with six replicate experiments. Good LODs in the range of 0.51-13.7 ng/L 
were obtained, based on S/N = 3 under SIM mode. Higher LODs ranging from 0.046 
to 1.31 ng/mL were obtained under ion-pair SPME (using conditions as described in 
the Experimental section). Ion-pair hollow fiber-protected LPME has higher 
extraction efficiency for the ion-pairs of the analytes than ion-pair SPME. Compared 
to ion-pair hollow fiber-protected LPME, the latter combined with large-volume 
on-line derivatization provided higher LOD of 30 ng/L for 2,4-D [38]. Although 
cationic surfactant-assisted SPE with field-amplified sample stacking by capillary 
zone electrophoresis (CZE) provided relative lower LODs for dichloprop, 2,4-D and 
fenoprop, more tedious sample preparation and more complex CZE optimization were 
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involved [65]. In addition, the sample solution was 100 mL, which was much more 
than the 10 mL employed in ion-pair hollow fiber-protected LPME. LODs obtained 
by on-fibre silylation following SPME by GC-MS [8] were comparable to those by 
ion-pair hollow fiber-protected LPME; however, a larger sampling volume (20 mL) 
was employed in the former method. 
3.1.3.6 Analysis of aqueous samples 
Two aqueous samples collected from a drain in a residential estate and a pond near 
a golf course in Singapore were analyzed by applying the developed method. No 
target analytes was found in both of the samples, however (this was anticipated since 
acidic herbicides are not heavily used in Singapore which has an insignificant 
agricultural industry.). To assess matrix effects, the two samples were spiked with 1 
ng/mL of analytes. Experiments were performed under the optimum extraction 
conditions. The relative recoveries of five analytes from drain water and pond water 
were in the range of 96.6%-110.0% and 88.2%-105.7%, respectively, as shown in 
Table 3-3. It is obvious that this method is applicable to real world aqueous samples 
(the usual concentration range of acidic herbicides in real aqueous samples is from 5 





                     
Table 3-2 Performance of ion-pair hollow fiber-protected LPME   
 
Analyte        RSD%a      Linearity range   Coefficient of      LOD        LODb        LODc      LODd      LODe 
               (n=6)        (ng/mL)      determination (r2)   (ng/L)       (ng/mL)       (ng/L)   (ng/L)    (ng/L)  
                                  
3,5-DCBA  3.3          0.01-100   0.9992    0.51  0.24   _  0.511  _ 
2,4-DCBA  3.5          0.01-100   0.9959    4.8   0.83   _  _   _ 
dichlorprop  3.4          0.1 -100   0.9989           13.7   1.3    _  0.704  2.0 
2,4-D   6.5          0.01-100   0.9999    1.4   0.046   30  0.851  9.0 
fenoprop      12.3          0.1-100   0.9939           11.1   0.29   _  1.16  2.0 
 
a Determined at 50 ng/ml spiking levels. 
b LODs calculated at S/N ratio = 3 and obtained by ion-pair SPME (sampling volume: 10 mL). 
c LODs calculated at S/N ratio = 3 and obtained by large-volume on-line derivatization and GC-MS (ion-pair SPE; sampling volume: 500 mL) 
[38]. 
d LODs calculated at S/N ratio = 3 and obtained by cationic surfactant-assisted SPE with field-amplified sample stacking by capillary zone 
electrophoresis (sampling volume: 100 mL) [64]. 












3.2 Dynamic ion-pair LPME combined with injection-port 
derivatization for trace analysis of long-chain fatty acids in 
water samples 
3.2.1 Introduction 
  Fatty acids exist widely in nature and are of biological and environmental 
importance [65-77]. Many fatty acids play physiologically important roles at trace 
levels in the regulation of various biological functions [71,74,75]. Fatty acids 
produced from humic substances during water treatment processes can inhibit a 
variety of microbial populations and subsequently affect the stability of the treatment 
process [67,78,79]. Therefore, it is important to measure substrate long-chain fatty 
acids and various by-products in order to determine reaction kinetics and predict the 
performance of a waste treatment reactor [67]. 
GC is the primary method of choice for the analysis of long-chain fatty acids 
because of its speed, high resolution and sensitivity. For long-chain fatty acids, due to 
their low volatilities, derivatization procedures are usually required for GC analysis. 
Table 3-3 Relative recoveries in spiked water samples   
 
                          Mean recovery (%)a (n=3) 
 Analyte             Drain water            Pond water 
                                           
3,5-DCBA     99.7                 105.7 
2,4-DCBA    110.0                 105.5  
dichlorprop    107.1                 101.4  
2,4-D      96.6                  88.2 
fenoprop    101.3                  94.4  
 
a
 Determined at 1 ng/mL spiking levels. 
 116
In the derivatization processes, the polar and low volatile long-chain fatty acids are 
converted into less polar, relatively volatile and thermally stable derivatives [68, 
80,81]. Alkyl esters (methyl, ethyl, propyl, butyl esters) of fatty acids are the most 
common derivatives [82,83].  
  As mentioned in the first part in this Chapter, ion-pair extraction is a method for 
partitioning of ionic compounds with the aid of counter-ions of opposite charge [81]. 
This approach has been employed for the analysis of environmental and biological 
compounds [46,48,50,55,68,84-86]. Compared to other derivatization procedures, 
ion-pair extraction combined with injection-port derivatization proves to be a simple, 
rapid, robust method [50].    
  A dynamic mode of hollow fiber protected LPME was developed recently. In this 
mode, the organic solvent is periodically moved in the hollow fiber [87-90] by manual 
manipulation of the syringe plunger or through a syringe pump. Comparing to static 
LPME, dynamic LPME provided higher enrichment factor and better reproducibility. 
  Thus far, there has been no report on ion-pair dynamic two-phase hollow 
fiber-protected LPME combined with injection-port derivatization. In the present 
work, an analytical procedure based on ion-pair dynamic LPME has been developed 
for the determination of long-chain fatty acids in water samples combined with 
injection-port derivatization. In this procedure, ion-pairs were extracted into the 
organic solvent (acceptor phase) in the hollow fiber. The periodic movement of 
organic solvent in the hollow fiber was automatically controlled by the syringe pump. 
The factors influential to derivatization such as injection temperature, purge-off time 
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have been optimized. In addition to this, several parameters related with dynamic 
LPME: organic solvent, ion-pair reagent type and concentration, pH, stirring speed, 
extraction time and the syringe pump parameters (plunger speed and dwell time) were 
investigated. 
3.2.2 Experimental section 
3.2.2.1 Standards and reagents 
Tetradecanoic acid (C14 acid) (99-100%), hexadecanoic acid (C16 acid) (≥99%) and 
octadecanoic acid (C18 acid) (~99%, as determined by capillary GC) were purchased 
from Sigma (St. Louis, MO, USA). Sodium carbonate (Na2CO3) was bought from 
Merck (Darmstadt, Germany). All other chemicals and regents have been described 
previously. 
Stock standard solutions of each analyte were prepared separately in methanol at 1 
mg·ml-1 and stored at 4 °C. Mixtures of standard working solutions for extraction at 
different concentrations were prepared by dilution with deionized water each day for 
the optimization procedure. Analytes at 50 ng/mL were used for the optimization 
study. 
The samples were collected from the untreated wastewater effluent of a factory 
manufacturing antibiotics. Samples were stored at 4°C for 24 h before extraction.   
3.2.2.2 Instrumentation and apparatus 
Analyses were carried out on the same GC/MS system as those descried earlier 
(page 94). The temperature program used here was: 150°C for 3 min; then 20°C·min-1 
to 190°C, held for 1 min; finally 6°C·min-1 to 280°C, held for 3 min. The GC-MS 
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interface and the ion trap temperature were set at 150 and 230°C. A 3.0 µL aliquot of 
extract was injected in the splitless mode. The detector was switched off in the initial 
6 min in order to completely remove the organic solvent that could damage the 
filament. Standard addition method was employed in quantitative analysis for water 
samples.  
Automated dynamic LPME was performed with a syringe pump that was described 
in Chapter 2 (page 66).  
3.2.2.3 Ion-pair dynamic LPME procedure 
The syringe pump was programmed according to steps mentioned in Chapter 2 
(page 68). The samples for method development were prepared by adding analytes, 
ion-pair reagent and buffer solution in a 12-mL sample vial. Then, 4.0 µL of organic 
solvent was withdrawn into the microsyringe and the needle tip was inserted into the 
2.0-cm hollow fiber segment. The hollow fiber was immersed into organic solvent for 
5 s for impregnation of its wall pores. The organic solvent in the microsyringe was 
then completely discharged into the hollow fiber channel. The fiber connected to the 
microsyringe was placed in water sample, and the microsyringe was fixed to the 
syringe pump. After a period of extraction, the hollow fiber-needle assembly was 
removed from the sample. The ion-pairs-enriched organic solvent extract was 
retracted into the microsyringe. A 3.0 µL aliquot of the extract was injected directly 
into the GC-MS for derivatization and analysis.   
3.2.2.4 Derivatization procedure 
Derivatization parameters such as temperature, purge-off time were optimized. To 
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initially determine the optimum derivatization conditions, 3.0 mL 1-octanol was used 
for extracting ion-pairs of fatty acids in an aqueous sample made up of 1.0 mL 0.05 M 
TBA-HSO4, 1.0 mL 1 µg/mL fatty acids, 2.0 mL 0.25 M Na2CO3 buffer solution (pH 
= 10) and 3.0 mL pure water (total 7 mL) in a 15 mL test tube. Extraction was 
performed for 10 min by manually shaking the tube. 2.0 µL ion-pairs-enriched 
1-octanol extract was used for injection. Upon injection, ion-pairs of fatty acids were 
derivatized nearly instantaneously to their butyl esters in the GC injection-port. 
3.2.3 Results and discussion 
3.2.3.1 Derivatization and GC-MS analysis 
3.2.3.1.1 GC-MS of butylated derivatives 
Figure 3-9 demonstrates the full-scan chromatogram and EI mass spectra for the 
butyl esters of long-chain fatty acids. Total ion chromatograms for three derivatized 
fatty acids in pure water are shown in Figure 3-9A. It is obvious that there are some 
common fragmentation pathways. The characteristic fragmentation peaks of butylated 
fatty acids included [M] + and [M-OC4H9] + (i.e., [M-73] +) [91]. In addition, the base 
ion occurring at the m/z 129 for all three fatty acid butyl esters was produced from 
γ–cleavage in the acid chain of the esters and resonance stabilized [92]. Ion at m/z 185 
of butylated C14 fatty acid, 213 of butylated C16 fatty acid and 241 of butylated C18 
fatty acid were obtained presumably due to the loss of C8H17 from [M]+. Furthermore, 
the characteristic ions of m/z 229, 257, 285 were observed in the mass spectra of 
butylated C14 fatty acid (Figure 3-9B), butylated C16 fatty acid (Figure 3-9C), 
butylated C18 fatty acid (Figure 3-9D), respectively. These resulted from double 
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hydrogen transfer (DHT) in which hydrogen from the adjoining carbon protonated the 
oxygen bridge followed by hydrogen transfer from a γ–atom and a McLafferty style 
rearrangement [92]. Retention times and m/z ratios of each derivatized analyte used 





                                                   continued next page 
 






Figure 3-9 Gas chromatogram and MS spectra for fatty acid butyl esters. (A) Total 
ion chromatogram (1: butyl ester of C14 acid; 2: butyl ester of C16 acid; 3: butyl ester 
of C18 acid). (B) Mass spectrum for C14 acid as butyl ester. (C) Mass spectrum for C16 
acid as butyl ester. (D) Mass spectrum for C18 acid as butyl ester. 
 
 
Table 3-4 Retention times and characteristic ions of selected derivatized fatty acids 
employed for GC/MS-SIM analysis  
 
Compound          Retention time (min)    Characteristic ions for SIM analysis 
C14 acid               10.39               129 + 185 + 211 + 229 + 284 
C16 acid               12.96               129 + 213 + 239 + 257 + 312 




3.2.3.1.2 Selection of injection temperature and purge-off time  
  As mentioned previously, injection temperature is an important parameter in the 
ion-pair injection-port derivatization process [69]. Hence, different injection-port 
temperatures ranging from 280 to 320°C were evaluated at 0-min purge-off time. It 
was found that no changes in the derivatization yields were observed when 
injection-port temperature was changed from 280 to 320°C (data not shown). 300°C 
was chosen as the injection temperature since it is the most commonly used injection 
temperature in GC analysis. 
  Based on the results in the first part of this Chapter (page 101), different purge-off 
time (0, 1.0 and 2.0 min in splitless mode) was also investigated (data not shown). It 
was observed that GC-MS responses increased when purge-off time was increased 
from 0 min to 1.0 min. However, there was no difference in the responses as the 
purge-off time was set at 2.0 min. Thus, 1.0 min was selected as the purge-off time. 
3.2.3.2 Ion-pair dynamic LPME 
3.2.3.2.1 Organic solvent 
As mentioned previously, the selection of organic solvent is critical to LPME. In 
the present work, the following solvents were considered: 1-octanol, n-nonane, 
n-octane, toluene and dihexyl ether. Extractions were carried out from 10.0-mL 
solutions containing 50 ng/mL fatty acids and 0.005 M TBA-HSO4 dissolved in 0.1 M 
Na2CO3 buffer (pH 10.0) for 10 min. Stirring speed was set at 73 rad/s. The pump 
pattern was: plunger speed of 0.4 µl/s, and a dwell time of 4 s. Among the five organic 
solvents, n-nonane and dihexyl ether showed no extraction of the target ion-pairs. 
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1-Octanol gave the highest GC-MS responses for all three target ion-pairs. It is 
conceivable that 1-octanol showed greater affinity for the ion-pairs due to its 
hydrogen-bonding ability.  
3.2.3.2.2 Ion-pair reagent type and concentration 
  Since different ion-pair reagents may have different derivatization effects, in this 
work, TBA-Br and TBA-HSO4 were compared. In these experiments, extractions 
were conducted with the donor phase of 10 mL 50 ng/mL three fatty acids, 0.005 M 
ion-pair reagent in 0.1 M Na2CO3 buffer (pH 10.0). Experiments were carried out for 
10 min with stirring speed of 73 rad/s, plunger speed of 0.4 µl/s and 4 s as dwell time. 
TBA-HSO4 and TBA-Br showed no difference in performance for all three butyl 
esters (data not shown). The result was consistent with the previous work (page 
104-105). TBA-HSO4 was randomly chosen as the ion-pair reagent. 
  As discussed in the first part of this Chapter (page 107), ion-pair reagent 
concentration plays an important role in ion-pair extraction because it affects the 
distribution of counter ions, therefore influencing the extraction efficiency [45]. For 
this reason, different concentrations of TBA-HSO4 from 0.5 mM to 0.05 M were 
investigated. As depicted in Figure 3-10, the peak areas of all three butyl esters 
increased continuously when TBA-HSO4 concentration was raised from 0.5 mM to 5 
mM, and then decreased slightly when TBA-HSO4 concentration was increased from 
5 mM to 0.01 M. Peak areas remained constant between TBA-HSO4 concentrations of 
0.01 M and 0.05 M. A possible reason is that the relatively high concentration of 
ion-pair reagent increases the ion-pair formation in the aqueous solution, therefore 
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leading to the higher concentrations of ion-pair in the extraction solvent. This may 
explain why peak areas increased with the increase of TBA-HSO4 concentration from 
0.5 mM to 5 mM. With the increase of TBA-HSO4 concentration from 5 mM to 0.05 
M, the fatty acids in solution were almost completely converted into ion-pairs, which 
is a possible reason why peak areas remained constant. Based on the above discussion, 
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Figure 3-10 Effect of ion-pair TBA-HSO4 concentration on the analytical signal of 
ion-pair dynamic LPME combined with injection-port derivatization (sample solution 
spiked with 50 ng/mL of each compound). 
 
3.2.3.2.3 pH 
As mentioned previously, the pH value of the donor phase is an important 
parameter in ion-pair extraction since the proportion between the uncharged form and 
the ion-pair is determined by pH and the equilibrium constants [45]. For fatty acids 
and TBA-HSO4, the pH value of the donor phase was adjusted to promote the 
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Figure 3-11 Effect of pH of sample solution on ion-pair dynamic LPME combined 
with injection-port derivatization. Concentration, 50 ng/mL of each compound. 
 
acceptor phase and the donor phase. With 1-octanol as the extraction organic solvent, 
extraction was performed for 10 min at a stirring speed of 73 rad/s. The plunger speed 
was 0.4 µl/s with a dwell time of 4 s. The 10 mL donor phase contained 50 ng/mL 
fatty acids, 5 mM TBA-HSO4 and 0.1 M Na2CO3 buffer. The pH range of the donor 
phase was studied from 6.28 to 11.11. The results are shown in Figure 3-11. It was 
observed that the peak areas increased continuously when the pH was increased from 
6.28 to 8.10 or 8.87, and decreased when the pH was increased from 8.87 to 11.11. 
The observation may be explained by the relationship between pKa’s of fatty acids 
and pH of sample solution: the pH of the donor phase should be higher than its pKa 
for complete ionization of an acidic compound (the pKa’s of C14 acid, C16 acid, C18 
acid are 6.11, 7.17, 8.23, respectively [62]) to form the ion-pair. On the other hand, a 
relatively high pH (> 9) value of the sample solution may decrease the extraction 
ability of 1-octanol. This may explain why the peak areas of ion-pairs decreased when 
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the pH was changed from 8.87 to 11.11. So 8.87 was selected as the pH value of the 
donor phase. 
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Figure 3-12 Effect of stirring speed on the analytical signal of ion-pair dynamic 
LPME combined with injection-port derivatization (spiked with 50 ng/mL of each 
compound). 
 
The effect of sample stirring speed on the extraction efficiency was also examined. 
As demonstrated in Figure 3-12, extraction efficiency increased with the increase of 
stirring speed and highest peak areas were reached for all butyl esters at a speed of 73 
rad/s. The peak areas decreased when the stirring speed was increased from 73 rad/s 
to 104 rad/s. The decrease of peak areas is likely a result of the formation of air 
bubbles on the fiber surface, thus reducing the amount of extracted analytes. 
Therefore, 73 rad/s was deemed to be the optimum stirring speed. 
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Figure 3-13 Effect of plunger speed of syringe pump on the analytical signal in 
ion-pair dynamic LPME combined with injection-port derivatization. Spiked 
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Figure 3-14 Effect of dwell time on the analytical signal of ion-pair dynamic LPME 
combined with injection-port derivatization. Spiked concentration of each compound, 
50 ng/mL. 
 
Dynamic ion-pair LPME combined with injection-port derivatization was 
performed by automatically manipulating the organic solvent (repeatedly moving it in 
and out of the hollow fiber) with a syringe pump. Each cycle of the extraction 
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includes the withdrawal and discharge of acceptor phase (organic solvent) with two 
pauses (dwell times) in between. During this process, the analytes were extracted 
rapidly from the aqueous samples to the organic solvent. The syringe pump plunger 
pattern (plunger speed and dwell time) were investigated.  
Firstly, the syringe plunger speed was examined in the range between 0.1 µl/s and 
0.5 µl/s. The dwell time was set at a preliminary value of 4 s. Other experimental 
conditions were: 10 mL 50 ng/mL fatty acids, 5 mM TBA-HSO4 and 0.1 M Na2CO3 
buffer (pH 8.87) as the donor phase; 4.0 µL 1-octanol as the acceptor phase; stirring 
speed at 73 rad/s; extraction time of 10 min. As shown in Figure 3-13, it is clear that 
the highest analytical signals were obtained when the syringe plunger speed was 0.3 
µl/s, possibly due to a compromise between the decreased equilibrium time of 
analytes (between the extraction organic solvent (1-octanol) and aqueous sample) and 
the increased number of samplings with the increase of plunger speed. When the 
plunger speed was increased, more sampling cycles could be performed within a 
given time. This possibly explains why better analytical responses were achieved 
when the plunger speed was increased from 0.1 µl/s to 0.3 µl/s. However, with the 
further increase of plunger speed from 0.3 µl/s to 0.5 µl/s, lower analytical signals 
were achieved. There are two possible reasons. Firstly, fast plunger movement might 
lead to the formation of a heterogeneous organic solvent film, which would affect the 
extraction efficiency [93]. Additionally, with the relatively high plunger speed, a 
relatively thick film is formed; therefore the time needed for mass transfer becomes 
the dominant factor which limits the attainment of equilibrium [42]. Decreasing the 
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plunger speed movement speed allows more time for mass transfer which leads to a 
greater amount of analytes being extracted into the organic solvent. Thus, 0.3 µl/s of 
plunger speed was chosen. To investigate the effect of dwell time on analytical signals, 
experiments were performed for 10 min with a plunger speed at 0.3 µl/s. Dwell time 
was varied from 1 to 7 s. As shown in Figure 3-14, the effect of dwell time on the 
peak areas was found to be insignificant although the best analytical signals for all 
three target analytes were obtained at a dwell time of 6 s. This observation is likely a 
result of the balance between equilibrium time and the number of sampling cycles. 
For a certain period of extraction, the shorter the dwell time, the higher the frequency 
of the plunger movement. This is possibly why peak areas decreased when the dwell 
time increased from 6 s to 7 s. Analytical signals increased continuously with the 
dwell time varying from 1 s to 6 s. This is probably due to the relatively long 
equilibrium time needed in dynamic ion-pair LPME. Additionally, depletion of the 
extraction solvent is possible under dynamic mode if a shorter dwell time is used 
because of the increase of sampling cycles; this may affect the accuracy of the 
analysis. Based on the above consideration, 6 s was therefore chosen as the dwell 
time.  
3.2.3.2.6 Extraction time 
  Figure 3-15 shows the effect of extraction time on the peak areas of three butyl 
ester derivatives. It is obvious that the peak areas of all three of butyl esters increased 
with the increase of extraction time from 5 min to 30 min and reached equilibrium at 
30 min. This is consistent with an earlier finding, suggesting that a shorter equilibrium 
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time is needed in dynamic LPME than in static LPME [44]. Considering the solvent 
depletion effect and the poor reproducibility due to the formation of air bubbles with 
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Figure 3-15 Extraction time profile of ion-pair dynamic LPME combined with 
injection-port derivatization. Spiked concentration of each compound, 50 ng/mL. 
 
 
3.2.3.3 Method assessment 
3.2.3.3.1 Linearity, reproducibility and LODs 
  We studied the performance of this method under the optimum conditions. As 
shown in Table 3-5, the good linearity of response was in the range from 0.1 to 200 
ng/mL with the coefficients of determination, r2, higher than 0.9915. RSDs were 7.7%, 
11.5%, 8.8% for C14 acid, C16 acid and C18 acid, respectively under six replicate 
experiments. Good LODs in the range of 0.0093-0.015 ng/mL were achieved, 
calculated at S/N = 3 under SIM mode.  
  LPME is an equilibrium-based extraction technique, so it is not customary to 
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measure absolute recoveries. That good LODs are obtained would indicate that the 
recoveries achieved are sufficient for reliable quantitative measurements to be made 
confidently. 
3.2.3.3.2 Method application 
The developed analytical method was applied to wastewater samples. All three 
long-chain fatty acids were detected. Figure 3-16 demonstrates the chromatograms of 
derivatives obtained for two wastewater sample extract under the SIM mode. The 
results were confirmed by spiking the original water sample with fatty acids and 
reanalyzing them. The concentration of C14, C16, C18 acids in wastewater sample 1 
was determined to be 35.2 ng/mL, 55.7 ng/mL, 66.1 ng/mL, respectively. For 
wastewater sample 2, the concentration of C14, C16, C18 acids was found to be 44.8 
ng/mL, 80.0 ng/mL, 95.8 ng/mL, respectively. It is clear that this method is applicable 







                  
Table 3-5 Performance of ion-pair dynamic LPME combined with injection-port derivatization  
 
Compound              RSD%a             Linear range                Coefficient of                    LODb            
                       (n=6)               (ng/mL)                 determinations (r2)                (ng/mL)     
C14 acid                 7.7                 0.1-200                     0.9915       0.015          
C16 acid                 11.5                0.1-200                     0.9926       0.010          
C18 acid                 8.8                 0.1-200                     0.9953       0.0093          
 
Ion-pair dynamic LPME conditions: 0.1 M Na2CO3 buffer solution (pH = 8.87) containing 5 mM TBA-HSO4 as donor phase; 1-octanol as 
acceptor phase; extraction stirring speed: 73 rad/s; plunger speed of syringe pump: 0.3 µl/s; dwell time: 6 s; extraction time: 20 min. 
a Determined at 50 ng/mL spiking levels. 





Figure 3-16 Reconstructed selected ion chromatograms of butylated fatty acids after 
ion-pair dynamic LPME combined with injection-port derivatization in (A) real 





In this study, two modes of ion-pair two-phase hollow fiber-protected LPME, static 
ion-pair two-phase LPME and dynamic ion-pair two-phase LPME, combined with 
GC injection-port derivatization, were applied to determine environmental pollutants 
in aqueous samples by GC-MS.  
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In the first part, for the first time, a method based on ion-pair hollow fiber-protected 
LPME combined with injection-port derivatization has been developed for the 
determination of trace acidic herbicides in aqueous sample coupled to GC-MS 
analysis. In this procedure, the ion-pair reagent used, tetrabutylammonium chloride, 
served two purposes. Firstly, it allowed the extraction of acidic herbicides with 
1-octanol by ion-pairing. Secondly, the corresponding acidic herbicide butyl esters 
were derivatized from the acidic herbicide ion-pairs in the GC injection-port. At the 
selected extraction and derivatization conditions, the proposed method exhibited no 
matrix effect. This method provided good repeatability (RSDs < 12.3%, n = 6) and 
good linearity (r2 ≥ 0.9939) for spiked deionized water samples for five analytes. 
LODs were in the range of 0.51-13.7 ng/L (S/N =3) under GC-MS selected ion 
monitoring mode. 
In the second part, for the first time, ion-pair dynamic LPME combined with 
injection-port derivatization was employed for the extraction of 3 long-chain fatty 
acids in aqueous sample, with GC-MS analysis. In this procedure, the ion-pair reagent, 
tetrabutylammonium hydrogen sulfate was used. The ion-pairs of fatty acids formed 
in the aqueous solution were extracted into an organic solvent by dynamic LPME 
controlled by a syringe pump, and derivatized in the GC injection-port immediately 
prior to analysis. LODs were in the range of 0.0093-0.015 ng/mL (S/N = 3) under 
GC-MS-SIM and the RSDs were between 7.7% and 11.5%. 
Both methods, which were solvent- and reagent-minimized, completely avoided 
open derivatization with hazardous reagents and proved to be simple, rapid and 
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accurate procedures for the determination of trace levels environmental pollutants in 
aqueous samples. In addition, ion-pair dynamic LPME can be used as a screening tool 
to provide information on the presence of long-chain fatty acids in wastewater, 
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Chapter 4 In-fiber ion-pair formation combined 
with two-phase hollow fiber-protected liquid-phase 
microextraction techniques prior to GC-MS analysis 
 
4.1 Introduction 
In Chapter 3, I have described ion-pair hollow fiber-protected LPME prior to GC 
injection-port derivatization. In this procedure, ion-pairs [RCOO- N(Bu)4+ ] (acidic 
herbicide ion RCOO- with tetrabutylammonium ion N(Bu)4+) formed in the aqueous 
sample were extracted into the organic solvent (acceptor phase) in the hollow fiber 
and ion-pairs-enriched extraction solvent were directly introduced into the GC 
injection-port (in which derivatization occurred) for analysis. This method has been 
successfully employed for real sample analysis. However, relatively large amount of 
ion-pair reagent, TBA-Cl was involved in this process. To address this disadvantage 
and simplify extraction procedure, in the present study, TBA-Cl was added into 
organic solvent (1-octanol) instead of aqueous sample. Then 1-octanol containing 
TBA-Cl was confined within a hollow fiber membrane. Target analytes were 
extracted into the organic solvent and formed ion-pairs with TBA-Cl. The 
ion-pairs-enriched 1-octanol was directly introduced into a GC-MS system, where at 
the high temperature in the GC injection-port, the ion-pairs were converted into 
butyl esters. In this work, five acidic herbicides were employed as model 
compounds to evaluate extraction performance.  
4.2 Experimental section 
4.2.1 Reagents and materials 
All reagents and materials used have been described in Chapter 3 (page 92).  
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Donor buffer solution (0.1 M NaH2PO4-H3PO4, pH 2.0-4.0) was prepared by 
dissolving appropriate NaH2PO4 in water and adjusting the pH by adding concentrated 
phosphoric acid (H3PO4). Donor solution (hydrochloric acid (HCl) solution, pH 0.0-2.0) 
was prepared by diluting 5.0 M HCl with ultrapure water. 
4.2.2 Injection-port derivatization and GC-MS analysis 
Ion-pairs of the acidic herbicides were derivatized nearly instantaneously to their 
alkyl esters in the hot GC injection-port. 
Analysis of derivatives of ion-pairs of acidic herbicides was carried out according 
to the procedures described in Chapter 3 (page 94-95). The ions for identification 
and quantification for SIM are listed in Table 4-1. Figure 4-1 shows a typical 
GC-MS （SIM）chromatogram of five butyl esters of acidic herbicides. The standard 
addition method was employed in the quantitative analysis of the extracts.  
 
Table 4-1 Retention times and selected ions of butylated derivatives of acidic 
herbicides for GC-MS analysis 
 
Compound     Derivatized        Retention   Identification and 
quantification           compound         time (min)        
ions (m/z)      
 
3,5-DCBA    butylated 3,5-DCBA  13.68       145 + 173 + 190 + 246 
2,4-DCBA    butylated 2,4-DCBA  13.90       145 + 173 + 190 + 246 
dichlorprop   butylated dichlorprop  16.68       162 + 189 + 290 
2,4-D        butylated 2,4-D      17.42       145 + 162 + 185 + 220 + 276 





Figure 4-1 GC-MS chromatograms of butylated derivatives of acidic herbicides: (1) 
3,5-DCBA, (2) 2,4-DCBA, (3) dichlorprop, (4) 2,4-D, (5) fenoprop. Concentration, 
50 ng/mL of each compound. 
 
4.2.3 In-fiber ion-pair formation combined with LPME 
In this approach, the extraction procedures were carried out in the following way. 
A piece of magnetic stirring bar (12 × 3 mm) was put into a 12-mL sample vial 
before a 10 mL aqueous sample including analytes was added. 4.0 µL of organic 
solvent (1-octanol) containing ion-pair reagent (TBA-Cl) was then withdrawn into 
the microsyringe. After the needle tip was inserted into the 1.8-cm hollow fiber 
segment, the hollow fiber was then immersed into organic solvent for 5 s for 
impregnation of the porous wall. The organic solvent in the microsyringe was then 
carefully and completely discharged into the hollow fiber channel. Immediately, the 
prepared fiber was removed from the solvent and subsequently immersed in the 
water sample. The microsyringe barrel was fixed on a retort stand.  
4.2.4 Sample collection 
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Real water samples were collected from a local river and a pond in Singapore. 
The samples were stored at 4°C in clean glass bottles and analyzed within a day 
without any other further pretreatment. 
4.3 Results and discussion 
4.3.1 In-fiber ion-pair formation combined with LPME 
The basic principle of this extraction approach is illustrated in Figure 4-2. The 
ion-pair reagent, TBA-Cl, was included in the organic solvent immobilized in the 
pores and channel of the hollow fiber. Prior to extraction, the sample solution was 
made strongly acidic in order to deionize the target analytes, thus reducing their 
solubility in the aqueous solution. The target analytes were then extracted from the 
aqueous phase to the organic phase containing TBA-Cl. Ion-pairing then occurred. 
                
Figure 4-2 Principle of in-fiber ion-pair formation combined with LPME. 
 
Based on the above discussion, in-fiber ion-pair formation combined with LPME 
involved two procedures. In the first step, analytes only were extracted from the 
aqueous phase into the organic phase. In the second step, ion-pairs of target analytes 




   ⥮ 
RCOOHo + TBA-Clo ⇌ (RCOO-TBA+)o + HClo                         (4-1) 
where ROOH is the acidic analyte, TBA-Cl is the ion-pair reagent, RCOO- TBA+ is 
the ion-pair, and the subscript ‘a’ represents the aqueous phase, ‘o’ the organic 
phase. 
   In the first step, the deionized acidic analyte RCOOH distributes between the 
aqueous and organic phases. At equilibrium, the distribution coefficient is given by  
KD RCOOH = [RCOOH]o,eq / [RCOOH]a,eq                               (4-2) 
In the second step, extracted RCOOH reacts with TBA-Cl to form ion-pair RCOO- 
TBA+ in the organic phase. At equilibrium, the ion-pair formation constant is given 
by  
KI  = [RCOO- TBA+]o,eq [HCl] o,eq / [RCOOH] o,eq [TBA-Cl] o,eq             (4-3) 
Combining the two equilibrium steps, the extraction constant, Kex, can be expressed 
as 
Kex=[RCOO-TBA+]o,eq[HCl]o,eq/[RCOOH]a,eq[TBA-Cl]o,eq=KDRCOOHKI       (4-4) 
where [RCOOH]
 a,eq is the concentration of analyte in the aqueous phase, at 
equilibrium. [RCOOH]o,eq, [TBA-Cl]o,eq, [RCOO- TBA+]o,eq and [HCl]o,eq are the 
equilibrium concentrations of the respective species in the organic phase.  
The mass-balance relationship for the analyte RCOOH (without considering the 
additional side reactions at equilibrium) can be given by 
[RCOOH]orig Va = [RCOOH]a,eq Va + [RCOOH]o,eq Vo + [RCOO- TBA+]o,eq Vo  (4-5) 
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where [RCOOH]orig is the original concentration of analyte in the aqueous phase, Va 
is the volume of the aqueous phase, and Vo is the volume of the organic phase. The 
enrichment factor Ef, defined as the ratio of [RCOO- TBA+]o,eq / [RCOOH]orgi, may 
be calculated from eqs 4-2, 4-3, 4-4 and 4-5: 
 
It is obvious in equation 4-6 that in order to obtain high Ef, a low Vo/Va ratio is 
required. In addition to this, high ion-pair formation constant KI, high extraction 
constant Kex and low equilibrium concentration of HCl in the organic phase may be 
important parameters for obtaining high Ef. From equation 4-6, if possible salt 
effects are not considered, a high equilibrium concentration of TBA-Cl in the 
organic phase may lead to a high Ef value.  
4.3.1.1 Selection of extraction solvent 
Based on the previous experiments in Chapter 3 (page 103-104), 1-octanol 
(dielectric constant: 10.30; 0.3 hPa at 20°C) was selected as the organic solvent for 
extraction. 
4.3.1.2 Effect of pH 
In this LPME method, the aqueous solution should be made strongly acidic in 
order to deionize the target compounds and consequently reduce solubility in the 
aqueous solution. 1-Octanol containing 0.01 M TBA-Cl was employed as the 
extracting organic solvent. Extraction was performed for 20 min at an agitation 
speed of 73 rad/s. Donor sample solutions (10 mL) containing 50 ng/mL of each 
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Figure 4-3 The effect of pH on in-fiber ion-pair formation combined with LPME of 
50 ng/mL of five acidic herbicides, 20 min extraction at stirring speed of 73 rad/s, 
0.01 M TBA-Cl in 1-octanol. 
 
acidic herbicide with pH ranging from 0.0 to 2.0 (adjusting with concentrated HCl) 
were used. The results are illustrated in Figure 4-3. It was observed that the peak 
areas of all butyl derivatives increased when the pH was reduced from 2.0 to 1.0. 
The observation may be explained by the relationship between the pKa’s of acidic 
herbicides and the pH of the sample solution. For complete deionization of an acidic 
compound, the pH of the donor phase should be 2 units lower than the analyte pKa. 
The pKa’s of 3,5-DCBA, 2,4-DCBA, 2,4-D and fenoprop are 3.54, 2.5, 2.87 and 
4.41, respectively. As 2,4-DCBA has the lowest pKa of 2.5, the pH of sample 
solution should be lower than 0.5 or below. However, the acidity of the sample 
solution could not be too high because the possibility existed that ionized species 
were formed as the target acidic compounds accepted an extra proton at low pH, 
thus reducing the mass transfer into the organic phase. This may explain why the 
peak areas of all butyl derivatives dramatically decreased when the pH of the 
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sample solution was reduced from 1.0 to 0.0. Based on the above discussions, 1.0 
was chosen as the optimum pH value of sample solution. 
4.3.1.3 Effect of ion-pair reagent concentration 
 
Figure 4-4 The effect of TBA-Cl concentration on in-fiber ion-pair formation 
combined with LPME of 50 ng/mL of five acidic herbicides, 20 min extraction at 
stirring speed of 73 rad/s in pH 1.0 aqueous solution. 
 
From equation 4-6, it is obvious that the ion-pair reagent concentration plays an 
important role. This is similar to the ion-pair hollow fiber-protected LPME 
procedure described in Chapter 3 (page 107).The variation of analytical signal as a 
function of TBA-Cl concentration was studied (Figure 4-4). Each extraction was 
carried out on a 10-mL donor phase containing 50 ng·mL-1 of each acidic herbicide 
for 20 min at a stirring speed of 73 rad/s. No salt was added into the aqueous sample. 
The pH of the sample solution was 1.0. TBA-Cl concentration in 1-octanol ranging 
from 0.001 to 0.50 M was investigated. As demonstrated in Figure 4-4, the peak 
areas of all five butyl esters except fenoprop butyl ester increased with the increase 
of TBA-Cl concentration from 0.001 M to 0.005 M, and then rapidly decreased with 
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TBA-Cl concentration from 0.005 M to 0.02 M. When TBA-Cl concentration was 
further increased from 0.02 M to 0.2 M, the peak areas increased again. For 
fenoprop, the peak area of its butyl ester continuously decreased when the TBA-Cl 
concentration was increased from 0.001 M to 0.5 M. The volume of extraction 
organic solvent was less than 2.0 µL after 20 min extraction, when 0.5 M TBA-Cl 
was used. This is possibly due to the increasing solubility of 1-octanol in water with 
high salt concentration in 1-octanol. It is true that a high concentration of the 
ion-pair reagent leads to a high concentration of salt in the organic solvent, which 
may affect the derivatization of the ion-pairs in the GC injection-port. The balance 
between ion-pair formation efficiency and derivatization efficiency may explain the 
change in the peak areas of the butyl derivatives. On the basis of the above 
discussions, 0.005 M was chosen as the optimum TBA-Cl concentration. Compared 
to the previous work in Chapter 3.1, the amount of ion-pair reagent, TBA-Cl 
employed per experiment in the present method was reduced at about 5 × 104 times 
(the amount of TBA-Cl used per experiment in the previous work: 0.1 mol/L × 10.0 
mL = 1.0 × 10-3 mol; the amount of TBA-Cl used per experiment in the present 
work: 0.005 mol/L × 4.0 µL = 2.0 × 10-8 mol). 
4.3.1.4 Effect of salt concentration 
In hollow fiber-protected LPME, normally, salt concentration is studied. In this 
method, salting-out effect was also investigated by adding different amounts of 
sodium chloride to the aqueous solution. The results are shown in Figure 4-5. It is 
clear that peak areas of butyl derivatives decreased with the increase in sodium 
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chloride concentration from 0 to 30 % (W/V). The possible reason for the decrease 
in analytical signal with the increase in salt concentration may be due to the change 
of physical properties of the Nernst diffusion film [1] and the increase in the 
viscosity of the aqueous solution [2]. The change of the physical properties of the 
Nernst diffusion film can reduce the rate of diffusion of the analytes into the organic 
phase, therefore decreasing the extraction efficiency of the organic phase. In 
addition, the increase of viscosity of the aqueous solution resulting from salt 
addition may lead to decrease in the diffusion rate of analytes from the aqueous 
phase to the organic phase. Therefore, in-fiber ion-pair formation combined with 





















Figure 4-5 The effect of added NaCl concentration on extraction efficiency of 
in-fiber ion-pair formation combined with LPME. Concentration, 50 ng/mL of each 
compound. 
 
4.3.1.5 Effect of stirring 
In LPME, stirring of the sample solution is usually employed to facilitate the 
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mass-transfer process because of the decreased thickness of the Nernst diffusion 
layer [3]. In addition, the continuous exposure of the extraction surface to fresh 
aqueous sample resulting from stirring also improves the extraction efficiency. In 
in-fiber ion-pair formation combined with LPME, stirring was used in this approach. 
As shown in Figure 4-6, it is obvious that responses increased with the increase of 
stirring speed from 0 to 73 rad/s. As mentioned previously, 105 rad/s or higher, was 
too vigorous and therefore excessive air bubbles were generated that adhered to the 
surface of hollow fiber, which accelerated the evaporation of 1-octanol and made 
the experiment difficult to control, leading to poor reproducibility. Based on the 
above considerations, 73 rad/s was chosen for subsequent experiments. 
 
Figure 4-6 The effect of stirring speed on in-fiber ion-pair formation combined with 
LPME. Concentration, 50 ng/mL of each compound. NaCl concentration, 0%. 
Extraction time, 20 min.  
 
4.3.1.6 Effect of extraction time 
The variation of extraction efficiency as a function of extraction time was 
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evaluated by extracting spiked water solutions (50 ng/mL of each compound) at 73 
rad/s. The results are depicted in Figure 4-7. The peak areas of all five butyl 
derivatives increased continuously with increasing extraction time from 5 to 20 min, 
but decreased continuously with further increase of extraction time from 20 to 50 
min. The decrease in peak areas with extraction time longer than 20 min is possibly 
due to the loss of 1-octanol containing ion-pairs since the aqueous solubility of the 
solvent increases when TBA-Cl is present in it. It was observed that the volume of 
1-octanol was less than 2.0 µL after 30-min extraction, which confirmed the 
dissolution of 1-octanol in water. Thus, to obtain the best extraction efficiency, 20 























Figure 4-7 The effect of extraction time on in-fiber ion-pair formation combined 
with LPME. 
 
4.3.2 Quantitative analysis by proposed method 
Different quantitative parameters of the proposed method including linearity, 
reproducibility and LODs were determined under the optimized conditions in order 
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to evaluate the performance of in-fiber ion-pair formation combined with LPME 
coupled to GC-MS, and the results are listed in Table 4-2. To investigate the 
linearity of the method, aqueous solutions containing of the 0.01-100 ng/mL 
herbicides were employed. In this approach, all acidic herbicides demonstrated good 
linearity with coefficients of determination (r2) > 0.9956. The repeatability of the 
peak areas was investigated by six replicate experiments by using a spiked water 
solution (1 ng/mL of each acidic herbicide). RSDs were in the range of 3.6-12.9%. 
LODs of all analytes, calculated on a signal to noise of 3 under SIM, were in the 
range 0.24-6.94 ng/L. Compared to the method in chapter 3.1 (LODs: in the range 
of 0.51-11.1 ng/L), in which ion pairs occurred in the aqueous sample, in-fiber 
ion-pair formation combined with LPME demonstrated better extraction efficiency 
for acidic herbicides. The possible reason is that extraction organic solvent 
(1-octanol) has the higher affinity of the acidic herbicides than ion pairs. 
4.3.3 Application of the developed method to aqueous samples 
Real aqueous samples were analyzed by applying the developed method. Water 
samples were obtained from a river and pond. The results showed that no target 
analytes were found in the samples (see Figure 4-8a). The aqueous samples were 
spiked with 1 ng/mL of each analyte to assess matrix effects.  As demonstrated in 
Table 4-3, the relative recoveries of the analytes were in the range of 90%-107% 
(river water) and 86%-108% (pond water), respectively. Figure 4-8b demonstrates 
the GC-MS chromatograms of spiked pond water. The results indicate that this 
approach is suited for analyzing acidic herbicides in environmental samples.  
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Table 4-2 Method parameters for in-fiber ion-pair formation combined with LPME coupled to GC-MS for determination of acidic 
herbicides under optimized conditions 
                                                                                               
Compound   Linearity range    Coefficients of          LODa                  RSD%b                  LODc 
             (ng/mL)        determination(r2)        (ng/L)                   (n=6)             (ng/L) 
3,5-DCBA    0.01-100        0.9961          0.24                 4.6    0.51    
2,4-DCBA    0.01-100        0.9978          0.43       6.4    4.8 
dichlorprop   0.01-100        0.9956          2.43       3.6        13.7 
2,4-D    0.01-100        0.9977          1.01       5.7    1.4 
fenoprop   0.10- 50        0.9966          6.94      12.9        11.1 
 
a LOD calculated at S/N ratio = 3. 
b
 Determined at 50 ng/mL spiking levels. 
c
 Obtained by ion-pair hollow fiber-protected LPME (Chapter 3.1).  
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Table 4-3 Relative recoveries obtained from spiked water samples  
                              Recovery (mean + RSD %) a  
Compound       River water                     Pond water      
  
3,5-DCBA        107(4.4)                       103(5.0)     
2,4-DCBA        101(4.6)                       108(7.5)       
dichlorprop        90(5.4)                        93(4.9)    
2,4-D             96(7.8)                        86(6.5)              
fenoprop          92(8.2)                        95(9.3)               
a
 Average of three measurements, determined at 1 ng/mL spiking levels. 
 
 
Figure 4-8. GC-MS chromatograms of pond water in Singapore: (a) blank pond 
water sample, (b) pond water sample spiked with 1.0 ng/mL of each compound. 




In this work, we describe a new microextraction method termed in-fiber ion-pair 
formation combined with LPME for the extraction of trace acidic herbicides in 
aqueous sample followed by GC injection-port derivatization and GC-MS analysis. 
Compared to the previous work (Chapter 3.1), in which ion-pair reagent, TBA-Cl 
was originally present in the aqueous sample, this approach, in which TBA-Cl was 
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added to the extraction organic solvent, required smaller amount of this reagent and 
provided lower detection limits. This approach proved that in-fiber ion-pair 
formation combined with LPME coupled to GC-MS analysis can be employed for 
quantitative analysis, which may broaden the application of ion-pair extraction in 
analytical chemistry. In the past, only ion-pairing formed in aqueous solution was 
widely employed for quantitative analysis. This proposed approach provided good 
linearity and detection limits in the low-nanogram per liter range.  
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Chapter 5 Conclusion 
The results of this work have clearly demonstrated that various approaches of 
hollow fiber-protected liquid-phase microextraction (LPME) can be efficiently 
employed for the analysis of trace organic compounds in aqueous samples.  
Two modes of three-phase hollow fiber-protected LPME, static three-phase LPME 
and dynamic three-phase LPME (D-LLLME), combined with HPLC-UV, were 
applied to determine environmental pollutants in aqueous samples (Chapter 2). Both 
modes were shown to be fast, simple and easy to operate. In static three-phase LPME, 
for the first time, orthogonal array design (OAD) was efficiently employed to 
optimize extraction conditions for analyzing nonsteroidal anti-inflammatory drug 
(NSAID) residues in wastewater samples. An OA16 (41 × 212) matrix was used to 
study the effects of six factors. The effect of each factor was estimated using 
individual contributions as response functions in the first stage. The extraction organic 
solvent selected was 1-octanol. Then an OA16 (45) matrix and a 4 × 4 table were 
applied for further optimization and the more exact levels of other five factors were 
chosen. Up to 1904-fold enrichment factor could be achieved. This study shows that 
OAD is an effective approach for optimizing static three-phase hollow fiber-protected 
LPME conditions. The optimized LPME conditions are suitable for the extraction of 
NSAIDs (with subsequent determination by HPLC) in the sub- to low ng/mL range in 
real water samples. The use of OAD not only saves time, but also enables the 
consideration of interactions among extraction conditions which is not possible in a 
univariate approach. In an automated D-LLLME procedure, the acceptor phase was 
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repeatedly withdrawn into and discharged from the hollow fiber by the syringe pump. 
The repetitive movement of acceptor phase into and out of the hollow fiber channel 
facilitated the transfer of analytes into acceptor phase, from the organic phase held in 
the pore of the fiber. Parameters such as the organic solvent, concentrations of the 
donor and acceptor phases, plunger movement pattern, speed of agitation and ionic 
strength of donor phase were evaluated. Good linearity was achieved in the range of 
0.5-500 ng/ml with coefficients of determination, r2, > 0.9994. Good repeatabilities of 
extraction performance were obtained with relative standard deviations (RSDs) lower 
than 7.5%. The method provided up-to 490-fold enrichment within 13 min, a very 
attractive feature of the technique that is probably not achievable by any single-step 
extraction procedure.  This study demonstrates that automated D-LLLME is a simple 
and rapid method for the analysis of environmental water samples since there is no 
need for reconstitution of analytes before injection for HPLC analysis. However, there 
are two limitations for this method. Firstly, the depletion of organic solvent in the 
repetitive movement of acceptor phase may lead to the loss of the extracted target 
compounds. Secondly, air bubble formation in the acceptor phase could compromise 
this extraction process and affect precision.  
Two modes of ion-pair two-phase hollow fiber-protected LPME, static ion-pair 
two-phase LPME and dynamic ion-pair two-phase LPME, combined with GC 
injection-port derivatization, were applied to determine environmental pollutants in 
aqueous samples by GC-MS (Chapter 3). In the first part of the work, a novel 
approach based on ion-pair hollow fiber-protected LPME combined with 
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injection-port derivatization was developed for the determination of trace acidic 
herbicides in aqueous sample coupled to GC-MS analysis. In this procedure, the 
ion-pair reagent used, tetrabutylammonium chloride (TBA-Cl), served two purposes. 
Firstly, it allowed the extraction of acidic herbicides with 1-octanol by ion-pairing. 
Secondly, the corresponding acidic herbicide butyl esters were derivatized from the 
acidic herbicide ion-pairs in the GC injection-port. At the selected extraction and 
derivatization conditions, the proposed method provided no matrix effect. This 
method proved good repeatability (RSDs < 12.3%, n = 6) and good linearity (r2 ≥ 
0.9939) for spiked deionized water samples for five analytes. LODs were in the range 
of 0.51-13.7 ng/L (S/N =3) under GC-MS selected ion monitoring (SIM) mode. In the 
second part of the work, for the first time, ion-pair dynamic LPME combined with 
injection-port derivatization was developed and applied for the extraction of 
long-chain fatty acids in aqueous sample, with GC-MS analysis. In this procedure, the 
ion-pair reagent, tetrabutylammonium hydrogen sulfate (TBA-HSO4) was used. The 
ion-pairs of fatty acids formed in the aqueous solution were extracted into an organic 
solvent by dynamic LPME controlled by a syringe pump, and derivatized in the GC 
injection-port immediately prior to analysis. LODs were in the range of 0.0093-0.015 
ng/mL (S/N = 3) under GC-MS-SIM mode and the RSDs were between 7.7% and 
11.5%. Both methods, which were solvent- and reagent-minimized, completely 
avoided open derivatization with hazardous reagents and proved to be simple, rapid 
and accurate procedures for the determination of trace level environmental pollutants 
in aqueous samples. In addition, ion-pair dynamic LPME can be used as a screening 
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tool to provide information on the presence of long-chain fatty acids in wastewater, 
therefore enabling a quick assessment of the performance of a wastewater treatment 
process.  
  A new microextraction method termed in-fiber ion-pair formation combined with 
hollow fiber-protected LPME was developed for the extraction of trace acidic 
herbicides in aqueous sample followed by GC injection-port derivatization and 
GC-MS analysis (Chapter 4). In this method, the organic solvent (1-octanol) 
containing ion-pair reagent, TBA-Cl only was confined within a hollow fiber 
membrane (1.8-cm).  Target analytes were extracted into the organic solvent and 
formed ion-pairs with TBA-Cl. This new methods exhibited no matrix effects and 
good reproducibility (RSDs < 12.9%, n=6). In addition to this, low LODs in the range 
of 0.24-6.94 ng/L (S/N = 3) under GC-MS-SIM mode were obtained. The results 
showed that in-fiber ion-pair formation combined with LPME can be employed for 
quantitative analysis. In addition, the amount of ion-pair reagent used has been largely 
reduced compared to previous work (Chapter 3). 
LPME has proved to be a simple extraction procedure to operate, and therefore is 
indeed applicable to a very wide field of water and slurry analysis. The increasing 
numbers of papers on LPME testifies to its popularity. In many years, LPME provides 
better results than SPME, which is commercially available and accepted. The barriers 
to general acceptance are probably that currently there is as yet a lack of automation 
of LPME procedures. However, it should also be mentioned that automation is 
expensive, e.g. an SPME automation system costs about US$30000.  
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Further investigations are now underway to extend the procedures developed as 
described here to more complex matrices such as soil or slurry samples, and even 
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